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1.1 Synopsis
1.1.1 Background and Objectives
The Baffin Bay Scientific Coring Program (BBSCP) was a culmination of months of
planning and negotiations between a consortium of oil companies (Shell, GDF Suez,
ConocoPhillips, Statoil, Nunaoil, Dong, Maersk Oil, and Cairn Energy) lead by Shell, Siem
Offshore/Overseas Drilling Ltd. (ODL; the owner and operator of the Drilling Vessel JOIDES
Resolution), Texas A&M University, the Consortium for Ocean Leadership (COL), and the
United States Implementing Organization (USIO) for the Integrated Ocean Drilling Program
(IODP). The initial planning meeting was held at the IODP Building in College Station,
Texas, March 20-22, 2012, with participation by Shell, ConocoPhillips, ODL, and the IODPUSIO. In less than five months after that meeting, the JOIDES Resolution departed for the
start of the 62 days of operations of the BBSCP. The overall objectives of the coring
program were to:




Obtain stratigraphic information, with a focus on determining the lithologies, ages,
and paleoenvironmental settings of the recovered cores;
Estimate potential source rock characteristics of the core;
Determine the physical properties of the rock units for evaluating potential
reservoir properties and improving seismic velocity models (depth vs. time curves).

This information was intended to aid the consortium of oil companies in evaluating their
licensed blocks and to reduce the risks of future exploration ventures.

1.1.2 Results and Highlights
The BBSCP (also known as Expedition 344S) was designed to sample the
stratigraphic section along the edge of several basins in the Melville Bay region of Baffin
Bay (Fig. 1.1-F1). At these locations, the stratigraphic section was shallowly dipping (~20°)
and accessible generally by coring a few meters up to about 140 m through Quaternary
glacial sediments. The shallow dip made it possible to recover a complete stratigraphic
succession over 2 km thick by coring relatively shallow holes along a transect (Fig. 1.1-F2).
Seismic data would then allow this succession to be mapped into the deeper parts of the
basins where the units were considerably thicker and the target of exploration. Initial
models of the basins considered it likely that the younger units targeted would be Tertiary
age, possibly as young as late Miocene (~5 Ma), and the older units would be Early
Cretaceous or slightly older (~150 Ma). The Cretaceous units were envisioned to be the
organic rich source rocks and the Tertiary and uppermost Cretaceous units were expected
to be potential reservoirs.
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Figure 1.1-F1. Structural elements of Melville Bay area (after Whittaker et al., 1997), with
an inset map of the northernmost sites.
The coring results provided a significantly different picture: The youngest rocks
underlying the Quaternary overburden were Turonian age (89.8–93.9 Ma) and the oldest
rocks were most likely Neoproterozoic (~650–700 Ma) (see section “1.4
Chronostratigraphy”). Potential reservoir units were rare: Only relatively thin (centimeter
to decimeter) sand units were recovered in most of the upper half of the Cretaceous
interval cored, and these generally were cemented (commonly with siderite) and had low
porosities (see section “1.5 Physical Properties”). The thickest sand units, up to about 20 m
thick, were in the lower part of the Cretaceous interval cored (mainly in Site U0080). The
nature of these units is hard to assess as recovery was very poor, which probably indicates
the sands were poorly cemented, at least relative to the stratigraphically contiguous hard
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shales. Logging data from Hole U0080A highlight the occurrence of theses sands and
provide additional density, porosity, and other physical properties characteristics for their
evaluation (see section “1.7 Downhole Measurements”).
The source rock potential, however, was probably as high, if not higher, than
envisioned. Several of the units, particularly the lower Albian shales, have excellent source
rock potential as discussed in section “1.6. Geochemistry”. In particular, total organic
carbon was as high as 40–50 wt% in some of these black shales, which formed mainly in
marginal marine to marine slope paleoenvironments as outlined in section “1.3
Lithostratigraphy”).

Figure 1.1-F2. Seismic reflection profile showing the stratigraphy across the Kap York
Basin. Location of sites cored are plotted along the profile. Those labeled in black occur on
this profile whereas the other sites are positioned based on between-site correlation.
Perhaps the most significant outcome is the nearly complete stratigraphy that can
be constructed from the 11 sites cored. Somewhat fortuitously, the sites situated at three
different locations (Sites U0110-U0100, Sites U0080-U0083, and Sites U0021-U0070),
separated by structural highs that did not permit direct correlation on seismic profiles,
could be correlated because one or more hole at each location penetrated the same distinct
unit. Because only the very top of this unit was recovered at Sites U0110 and U0080, it was
originally thought to be a Cretaceous paleosol that was the base of a transgressive cycle,
which extended up through the rest of the stratigraphic section. When more of the unit was
recovered at Sites U0047 and U0021, it became clear that the unit was probably a weather
carbonate platform that had formed at low paleolatitudes in warm climates, and thus was
much older than Cretaceous. The contact between this old unit and the overlying late
Aptian to early Albian strata is the basis for correlation between locations.
Once that correlation was established, basic principals of stratigraphy combined
with additional biostratigraphic constraints and seismic reflection data allowed us to
construct the composite section (Appendix Table 1.1-AT1 gives the relative depths of each
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cored interval along the 2-km-thick section). In this composite section, we display the
average seismic reflections by digitally cutting out intervals from the reflection profiles
representative of intervals cored as well as intervals not core, as noted in Figure 1.1-F2.
These were converted to color pixels and averaged along stratigraphic horizons to give the
pseudo seismic reflection behavior of the roughly 2-km-thick stratigraphic section (Fig. 1.1F3). The lithology, ages, physical properties, geochemistry, and downhole measurements
are shown relative to this in the chapter sections that follow.

Figure 1.1-F3. Reconstruction showing the relative stratigraphic positions of the cored
intervals for each site relative to seismic reflections and ages.
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The stratigraphic framework for the basins in Melville Bay and other highlights are
discussed in the short summaries that follow in this chapter and are given in much greater
detail in the other 11 site chapters of this volume. Bulleted lists of highlights are given for
each site in the “Site Summary” sections of each chapter.

1.1.3 References
Whittaker, R.C., Hamann, N.E., and Pulvertaft, T.C.R., 1997. A new frontier province offshore
northwest Greenland: structure, basin development, and petroleum potential of the
Melville Bay area. American Association of Petroleum Geologists Bulletin, 81, 978–998.
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1.2 Operations
If anything, operations during the Baffin Bay Scientific Coring Program (BBSCP)
were not uneventful. The amount of ice encountered in the form of icebergs, bergy bits, and
growlers exceeded expectations considerably. Weeks four and five were particularly
challenged by ice conditions that forced us off several holes and kept us from occupying
any of the originally planned northern sites. While waiting on ice during that time, we
requested approval for additional coring sites further south to improve our chances of
collecting core. Fortunately, ice conditions ameliorated during the latter portion of the
expedition and we were able to core five sites, plus deepen a sixth, after the down time.
High methane concentrations, recorded at several sites, also slowed down coring
operations, as we sometimes cut half cores or waited on headspace gas results before
coring continued. High methane also forced us to abandon three sites prior to reaching the
targeted depth. Finally, the rocks cored during the expedition were considerably harder
than expected, slowing penetration rates relative to those planned. Yet even with these
obstacles, which required continuous adjustments to detailed operations plans, the BBSCP
succeeded in accomplishing its primary geological objectives of stratigraphically
calibrating the Melville Basin and reducing the risks associated with planned exploration.
The operations that made these possible included recovering 237 cores in 13 holes
at 11 sites (Table 1.2-T1). A total of 1932 m were cored, with 921 m of core recovered, for
an average recovery of 48%. Details of coring operations for each site are provided in the
site chapters (Chapters 4–14) and an overview of coring operations is given in “Chapter 3.
Operations”.
Table 1.2-T1. Summary statistics of holes cored during Expedition 344S.
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1.3 Lithostratigraphy
1.3.1 Overview
The rocks recovered during Expedition 344S tell the story of extensional tectonism,
regional subsidence, and marine transgression in the northeastern corner of Baffin Bay.
The expedition recovered cores in the Cape York Basin and the Melville Ridge. For the
purpose of the summary, we refer to this regional setting collectively as the Cape York
Basin. The Cretaceous chapter of sedimentation in the Cape York Basin began with
deposition on an unconformable surface of old sandstones and dolomitized carbonates
(Fig. 1.3-F1). The first Cretaceous-aged sedimentation began in the latest Aptian to earliest
Albian. These rocks are comprised of carbonaceous siliciclastic sediments that vary in grain
size from sand to mud, indicative of the environmental diversity associated with deltas.
Long-term subsidence eventually led to an open marine setting by the late Cenomanian.
The marginal to marine transition was also accompanied by a marked increase in
sedimentation rates. The youngest Cretaceous sediments (latest Cenomanian–Turonian)
recovered on Exp. 344S were deposited in the deepest paleo-environment where
sedimentation rates remained relatively high. Resting unconformably atop of titled
Cretaceous age rocks, the uppermost sediments recovered are Quaternary glacial diamicts
and post-glacial biosiliceous muds, which were deposited beneath a grounded ice-sheet,
ice-shelf or in an ice-proximal open water glacimarine setting.

1.3.2 The Great Unconformity
Sites U0021 and U0047 recovered rocks that were surprising given the expectation
of organic-rich siliciclastic rocks of Jurassic to Cretaceous age throughout the targeted
drilling locations. Dark red, green, gray, and light brown mudstones and sandstones (Fig.
1.3-F2b) were interbedded with dolomitic rocks. These rocks are pedogenically altered and
well cemented. Dolomitic rocks are massive to laminated and exhibit a wide range of
features, including vugs, oolites (Fig. 1.3-F2a), bird’s eye structures, and complex wavy
bedding reminiscent of microbialites. Stylolites are also present. The high paleolatitude of
NW Greenland in the Early Cretaceous is incongruent with these observations. In
particular, oolite formation requires a unique environment that is at odds with those
offered by Greenland’s geographic position in the Early Cretaceous and the high siliciclastic
flux to this tectonically active region. Sedimentological evidence for low latitude formation
is supported by low paleomagnetic inclinations preserved in these rocks, arguing that NW
Greenland was near the equator at the time of deposition.
A literature review shows that carbonate rocks of Lower Paleozoic to Proterozoic
age are found in northern Greenland. Rocks from Sites U0047 and U0021 are most similar
lithologically to the Neoproterozoic aged Narssarssuk Group. While it appears that the
Narssarssuk provides the best onshore correlative for the lowermost rocks recovered on
Expedition 344S, NW Greenland was positioned near the equator from the Neoproterozoic
to Early Paleozoic, making a wide range of ages possible for these rocks. We conclude that
the contact between the carbonaceous siliciclastic rocks above and the well-cemented
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sandstones and dolostones below is unconformable, representing a hiatus of perhaps 300
to 600 m.y.

Figure 1.3-F1. Lithologic summary for Expedition 344S. Relative positions of cored
intervals from each site and generalized lithology versus the composite seismic section and
geological age. Relative water depths, based on lithological observations, and linear
sedimentation rates (LSR) for the cored intervals (calculated by mapping the recovered
sediments into the depth scale on the composite seismogram). Observations of pyrite, opalCT, glauconite, bioturbation, and kaolinite to illite ratio on a log scale.
The implication of identifying rocks at Sites U0021 and U0047 as much older than
the Early Cretaceous is that lithologically similar sandstones and mudstones recovered in
the lower parts of Holes U0080A and U0110C may be correlative, requiring a much older
1.3-2
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age for these rocks as well. Seismic lines show a distinctive package of strong reflections
associated with the unconformable, well-cemented sandstones and dolostones, suggesting
that this surface can be traced throughout the basin.

Figure 1.3-F2. Examples of the various lithologies recovered during Expedition 344S. a)
Photomicrograph of thin section showing ooids, some forming around large detrital grains,
U0047A-11R-1, 112-113 cm. b) Mottled reddish dolomitic sandy mudstone, Interval
U0021A-3R-1, 124-126 cm. c) Massive black carbonaceous mudstone, Interval U0082A-8R3, 20-24cm. d) Laminated black carbonaceous mudstone with silt (pyritic), Interval
U0060A-5R-2, 23-31 cm. e) Sandy siltstone with cross-laminae, Interval U0070A-13R-CC,
8-15 cm. f) Matrix-supported intraclast pebble conglomerate, Interval U0060A-5R-1, 112116 cm. g) Mud with biosilica and pebble-sized lodestone, Interval U0110A-1X-1, 5-12 cm.
h) Sandy clast-rich diamict, U0083A-3R-1, 19-26 cm.
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1.3.3 Early Cretaceous Sedimentation: A New Start after a Long Break
Rocks from Sites U0047, U0080, and U0110 record the initial deposition on top of
the much older sandstones and dolostones. A thin conglomerate rests unconformably on
the older sandstones at Sites U0080 and U0110, most likely representing a transgressive
lag deposit (Fig. 1.3-F3). The rocks just above the unconformity at all three sites indicate
that fine- to medium-grained sandstone was the first sedimentary facies to cover the region
during the Early Cretaceous. These sandstones exhibit a wide range of sedimentary
structures, including laminae, ripples, and scours, all indicative of high velocity current
flow. Carbonaceous siltstones and mud/claystones are interbedded with these sandstones.
The siltstones may have abundant root traces preserved, are often laminated, and grade
into carbonaceous mudstones. The carbonaceous mud/claystones record periods of
relative quiescence, indicating deposition distal to the stronger flow in distributary
channels. Rapid switching (dm- to m-scale) between facies reflects the highly variable
nature of delta top sedimentation, recording transitions from high-energy channel sands to
the siltier composition of levees to the muds and clays representing deposition in low
energy bays or lagoons.
The sequence described above is most complete at Site U0080, which provides a
rock record of deltaic conditions for the latest Aptian through much of the Albian. Sites
U0100 and U0082 extend this record up to the latest Albian or possibly earliest
Cenomanian. Fine-grained carbonaceous rocks with little to no bioturbation or pyrite
characterize Site U0082 (Fig. 1.3-F2c), and are interpreted as deep estuarine bay or
protected lagoonal deposits, which were probably below local storm wave base. Site U0100
(where only 5 m of Cretaceous sediments were recovered) consists of silty sandstones
reminiscent of the crevasse splay sands found in the lower sections of Site U0080.
Together, all four sites indicate that sedimentation in the Cape York Basin occurred in
marginal marine settings from the latest Aptian through Albian. A long-term balance
between sediment supply and subsidence is required to maintain a similar depositional
environment for ~15 m.y. Sedimentation rate estimates for the Albian range between ~3
and 6 cm/k.y. (Fig. 1.3-F1).

1.3.4 The Cenomanian Story: Finally Open Marine Deposition
Site U0065 recovered the oldest rocks in the Cape York Basin deposited in open
marine conditions. This site, combined with Sites U0083, U0061, and the lower part of Site
U0060, form a time continuum in the rock record that spans much of the Late Cenomanian.
These mud-rich rocks are interpreted to record deposition in an open marine environment
on a low-gradient surface, at water depths that were generally below storm wave base.
Multiple lines of evidence support this: muddy textures, high stratigraphic abundances and
bedding thicknesses, absence of primary sedimentary structures, lack of evidence for largescale mass movements, dark coloration and high organic carbon contents, widespread
distribution of pyrite, and relative abundance of marine macro- and micro-fossils. Rocks
from Site U0065 record deposition in a pro-deltaic setting, which deepened to middle–
outer shelf settings for Sites U0083, U0061, and the lower part of Site U0060. The dominant
sedimentary process was hemipelagic mud deposition (Fig. 1.3-F2d). Occasional coarse-
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grained layers (sandstones and siltstones) reflect the influence of storm-generated and/or
discharge-generated hyperpycnal flows, which also deposited terrestrial organic matter,
and the infrequent influence of storm waves. Deposition of these coarse layers was very
fast relative to the background hemipelagic deposition. Sedimentation rate estimates for
these Cenomanian rocks are between ~10 and 14 cm/k.y. (Fig. 1.3-F1).

Figure 1.3-F3. Core photographs of the lower unconformities at Sites U0080 and U0110. A)
Interval U0080A-41R-2, 58-78 cm. Note in this photograph that the piece of core with the
contact (~65-69 cm) has rotated so that the top of the contact is shown. B) Interval
U0110C-28R-5, 35-55 cm.

1.3.5 The Turonian Transition: A Change in Slope, A Change in Character
Sediments of latest Cenomanian to Turonian age show a marked change in
character, which indicate a steeper depositional surface and greater water depths (Fig. 1.3F1). Rocks from the upper part of Site U0060 and all of Site U0070 record this change.
Carbonaceous black mudstones are interbedded with graded sequences of conglomeratic
or medium-coarse sandstones topped by parallel to ripple laminated siltstones (Fig.
1.3-F2e and -F2f). The dominance of the fine-grained mudstones indicates that deposition
occurred on a seafloor with prevailing low-energy conditions. However, the nature of the
coarse-grained deposition indicates that the latest Cenomanian through Turonian seabed
was subjected episodically to stronger unidirectional bottom currents and small debris
flows. There is no evidence of wave influence impinging on the seafloor. These
characteristics suggest deposition in relatively deeper water and on steeper bathymetry,

1.3-5

Chapter 1. Expedition Summary
1.3 Lithostratigraphy

Proceedings of the Baffin Bay
Scientific Coring Program

consistent with an upper slope setting. Surface waters above Sites U0060 and U0070 were
productive during the latest Cenomanian to Turonian, at least intermittently. Some
intervals contain abundant phosphatic debris and diatom remains while others are nearly
completely cemented with opal-CT. The presence of pyrite in some intervals indicates
anoxic conditions were present in the sediments. It is likely that the water column was
partially oxygenated with conditions no lower than sub- or dysoxic because glauconite is
common and probably formed in situ by alteration of fecal pellets. Minimum sedimentation
rates are estimated to be between ~7 and 12 cm/k.y. (Fig. 1.3-F1). These rates are slightly
slower than those estimated for the Early to Middle Cenomanian (~10-14 cm/k.y.). At this
point, stratigraphic resolution is inadequate to resolve any difference in sediment
accumulation on the shallow vs. more steeply dipping seafloor.

1.3.6 The Other Unconformity: Ice’s Impact on Quaternary Sedimentation
Quaternary age sediments rest above an angular unconformity with the Cretaceous
sedimentary rocks targeted during Expedition 344S below. These sediments range from
very soft diatom-bearing muds to over-compacted clast-rich muddy or sandy diamicts (Fig.
1.3-F2g and -F2h). Dispersed clasts consist of cobble- to granule-sized granites, gneisses,
dolerites and sedimentary rocks, indicating they were eroded from lithologically diverse
sources. These sediments were recovered, in some form, from every site drilled and are
consistent with subglacial to ice-proximal glacimarine deposition, associated with a
grounded ice-sheet or an ice shelf, and post-glacial open-marine to distal glacimarine
deposition. Open-marine conditions were characterized by high primary productivity
based on high abundances of diatoms in the soft muds recovered in the uppermost sections
at some sites. A general comment on the Quaternary sections recovered from Expedition
344S is that the thickness of these young sediments above the Cretaceous rocks is related
to their proximity to exposures of older, more resistant Lower Paleozoic to Neoproterozoic
rocks. Past expansions of the ice margins into the Cape York Basin preferentially eroded
the softer carbonaceous rocks of Cretaceous age producing depressions for thicker
accumulations of glacimarine sediments. Only limited Quaternary deposition was found on
the bathymetric highs.
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1.4 Chronostratigraphy
1.4.1 Introduction
The chronostratigraphic framework for Expedition 344S was developed based on
the occurrence of age diagnostic calcareous nannofossil, foraminifera, dinoflagellate cyst,
pollen, and spore biostratigraphy, together with magnetostratigraphy. Most sites contain a
Cretaceous section spanning the late Aptian to Turonian based on dinoflagellate cyst,
pollen, and spore biostratigraphy, with a few sites also including nannofossils, diatoms, and
foraminifera. The magnetostratigraphy records normal polarity for the Cretaceous section
and is assigned to the Cretaceous Long Normal Polarity interval (Superchron C34n; 83.64–
125.93 Ma). Quaternary sediments constrained by diatom and foraminifera biostratigraphy
unconformably overlie the older stratigraphy. These sediments also record normal polarity
and are assigned to the Brunhes Chron (C1n; 0–0.781 Ma). At four sites a presumed
Proterozoic–Paleozoic, but most likely Neoproterozoic, section was recovered. At Sites
U0047, U0080, and U0110, this interval underlies Cretaceous section, whereas at Site
U0021 it underlies the Quaternary. These rocks are barren of any micro- or macrofossils;
however, shallow paleomagnetic inclination data in some intervals suggest the rocks were
deposited at low latitudes. As Greenland was located close to the equator during parts of
the Proterozoic and Paleozoic (Scotese and McKerrow, 1990), these rocks are suspected to
be of that age.

1.4.2 Biostratigraphy
Core-catcher and discrete samples from sites cored during Expedition 344S were
examined for calcareous nannofossils, foraminifera, diatoms, dinoflagellate cysts, pollen,
and spores. The results for all fossil groups are summarized in Figures 1.4-F1 and –F2. The
Quaternary sediments contain polar marine diatoms, benthic foraminifera, and rare to few
planktonic foraminifera. Cretaceous sediments recovered contain primarily dinoflagellate
cysts, pollen, and spores with sporadic occurrences of poorly preserved calcareous
nannofossils, diatoms, and benthic foraminifera.
1.4.2.1 Calcareous Nannofossils
Cretaceous calcareous nannofossils occur in Sites U0060, U0065, and U0070 (Fig.
1.4-F2). In general, nannofossils are rare and preservation is poor, although a few intervals
in Hole U0065A contain moderately preserved specimens. The assemblages consist of
typical mid- to Late Cretaceous nannofossils, such as Watznaueria spp., Cyclagelosphaera
spp., Broinsonia spp., Crucicribrum spp., Tranolithus spp., and Prediscosphaera spp. Most
identifiable forms have long ranges within the Cretaceous and are therefore of limited
biostratigraphic value. At Site U0065, the questionable presence of Crucicribrum anglicum
and Tranolithus gabalus indicates a Cenomanian age based on the presumed overlap in
their stratigraphic ranges (Fig. 1.4-F1), which is consistent with the age assignment based
on dinoflagellates (see section “1.4.2.4 Dinoflagellate Cysts”). Questionable occurrences of
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the biostratigraphic index taxa Quadrum intermedium (first appearance datum [FAD] at
94.07 Ma) and Quadrum gartneri (FAD at 93.55 Ma) (Gradstein et al., 2012) could suggest a
somewhat younger age; however, the single occurrences and questionable identification
make this unlikely.

Figure 1.4-F1. Chronostratigraphic summary for Expedition 344S. Dashed lines represent
poor preservation.
Calcareous nannofossil preservation is generally poor in samples from Site U0060,
although a few specimens are identifiable as members of the genera Watznaueria,
Cyclagelosphaera, and Prediscosphaera. In addition, questionable single occurrences of Q.
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intermedium and Q. gartneri also occur within the lower Turonian interval at this site. Site
U0070 contains extremely poorly preserved calcareous nannofossils, with very few
identifiable even to the generic level. In many samples, even the presence of calcareous
nannofossils is questionable. The few specimens tentatively identified are Biscutum,
Cyclagelosphaera, Eprolithus, Prediscosphaera, and Manivitella pemmatoidea.
The presence of nannofossils at Site U0065 and higher in the stratigraphic section
(Fig. 1.4-F2) indicates a fully marine environment in this region by the mid-Cenomanian.
The absence of nannofossils at Sites U0083 and U0061 could be due to a number of factors.
If calcareous nannofossils were present in the water column above these sites during the
late Cenomanian, their absence in the sediments could be due to diagenesis. Another
possibility is that preservation is so poor that they are now unrecognizable, or horizons
containing nannofossils were not sampled from those sites with the limited time available
during the expedition. Another possibility is that changes in environment at those locations
during the late Cenomanian excluded calcareous nannoplankton; however, other evidence
indicates a fully marine depositional environment at that time (see section “1.3
Lithostratigraphy”), making this possibility unlikely.
Most Quaternary sediments recovered during Expedition 344S are barren of
calcareous nannofossils, although very rare, reworked nannofossils occur at a few sites
(U0047, U0083, U0100, and U0110). Preservation of these reworked specimens is
generally poor to moderate. Most are either species restricted to the Paleogene, or forms
that first appear in the Paleogene, but range to the Quaternary. A single, questionable
specimen of Emiliania huxleyi occurs at Site U0061. The FAD of this species at 290 ka
(Gradstein et al., 2012), restricts the age of the sediments at that site to the latest
Pleistocene to Holocene, consistent with the diatom assemblage (see section “1.4.2.3
Diatoms”).
1.4.2.2 Foraminifera
No planktonic foraminifera were recovered from Cretaceous age sediments. The
agglutinated benthic foraminifera Ammodiscus cretaceus and Glomospira serpens were
recovered from the lower part (>8.80 mbsf) of Hole U0070 (Fig. 1.4-F2) providing ages of
Cretaceous–Late Eocene and Albian–Late Eocene, respectively (Fig. 1.4-F1). The absence of
planktonic and calcareous benthic foraminifera in the marine section of the Cretaceous
sediments is most likely due to diagenetic processes, either through complete dissolution,
or recrystallization beyond recognition. The presence of secondary siderite cementation is
one method of diagenetic carbonate remobilization resulting in the removal of biogenic
carbonate. The Quaternary sediments are characterized by calcareous benthic foraminifera
assemblages that include Cassidulina reniforme, Cassidulina teretis, Cibicides refulgens,
Cibicides lobatulus, Elphidium excavatum, Melonis barleeanum, Nonionellina atlantica,
Oridorsalis tener, and miscellaneous agglutinated taxa. Planktonic foraminifera occur in the
upper part of Sites U0070, U0061, and U0082, where they are most diverse and abundant.
The co-occurrence of Neogloboquadrina pachyderma (s) and Neogloboquadrina atlantica,
along with the longer ranging Globigerina falconensis and Globigerina bulloides, indicate a
possible early Pleistocene (2.0–2.4 Ma) age for the oldest Quaternary recovered at Site
U0082 (Fig. 1.4-F1).
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Figure 1.4-F2. Distribution of the different microfossil groups in the composite
stratigraphic section for sites cored during Expedition 344S.
1.4.2.3 Diatoms
Late Cretaceous age diatoms, preserved as opal-CT, occur at Sites U0060, U0061,
and U0070 (Figs. 1.4-F1 and -F2). Quaternary diatoms that indicate an age less than 0.305
Ma occur in the upper part of Sites U0021, U0047, U0060, U0061, U0070, U0082, and
U0110 (Fig. 1.4-F1). Sites U0065, U0080, U0083, and U0100 contain no diatoms.
The Late Cretaceous (late Cenomanian–Turonian) diatoms occur in carbonaceous
mudstones and silty mudstones within discrete intervals of the above-mentioned sites
(Appendix Table 1.4-AT1). Despite poor preservation, typical late Cretaceous taxa could be
recognized, including members of the following genera: Costopyxis, Gladiopsis, Gladius, and
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Cortinocornus. The preservation of diatoms as opal-CT may indicate a likely burial depth of
between ~0.9 and ~1.7 km based on an average geothermal gradient of 30–40°C/km and
assuming the transformation of opal-A to opal-CT occurs at between 35–50°C (DeMaster,
2003).
The Quaternary age diatoms occur in either diatomaceous muds or diamicts only in
the first core of the above-mentioned sites (Appendix Table 1.4-AT1). A modern Arctic
open marine assemblage including taxa such as Actinocyclus curvatulus, Rhizosolenia
hebetata, Thalassiosira gravida, and Thalassiothrix longissima are commonly found. The
presence of these taxa, together with the absence of Proboscia curvirostris (last appearance
datum [LAD] 0.295–0.305 Ma) and Thalassiosira jouseae (LAD 0.295–0.305 Ma), indicate an
age less than 0.305 Ma (Koç et al., 1999) for the upper part of the recovered Quaternary
sections.
1.4.2.4 Dinoflagellate Cysts
The dinoflagellate cyst stratigraphy is based on the examination of 171
palynological samples representing the cored Proterozoic–Paleozoic, Cretaceous, and
Quaternary sedimentary successions from Baffin Bay. The study concentrates on the
Cretaceous stratigraphy, since no structured palynomorphs were recorded from the
Proterozoic–Paleozoic samples and the dinoflagellate cysts recorded from the Quaternary
samples are reworked from older strata.
The Cretaceous dinoflagellate cyst stratigraphy is described from the Lower
Cretaceous non-marine to marginal marine sedimentary succession dated as late Aptian(?)
to late Albian and from the Upper Cretaceous mainly marine sedimentary succession dated
as late Cenomanian to Turonian (possibly middle to late Turonian) (Figs. 1.4-F1 and -F2).
The Lower Cretaceous successions recorded at five sites (U0047, U0080, U0082,
U0100, and U0110) are dated late Aptian(?) to late Albian based on a low diversity brackish
water dinoflagellate cyst assemblage and selected spores. A late Aptian(?) to early Albian
age is suggested for the oldest nonmarine deposits that overlie the Proterozoic-Paleozoic
succession at Sites U0110, U0047, and U0080 based on a nonmarine assemblage
characterized by the presence of Cicatricosisporites spores (possibly Cicatricosisporites
australiensis) and bisaccate pollen. A younger early Albian assemblage represented by the
brackish water dinoflagellate cyst Nyktericysta davisii with very short horns and a taxon
recorded as ?Vesperopsis sp. characterize the upper and middle parts of the Cretaceous
sedimentary succession at Sites U0047 and U0080, respectively.
The lower to middle Albian sedimentary succession recorded from the upper part of
Site U0080 is dated by the presence of the brackish water dinoflagellate cysts N. davisii,
Pseudoceratium interiorense, and Vesperopsis longicornis. A slightly younger middle to late
Albian brackish water dinoflagellate cyst assemblage dominated by forms of Nyktericysta
davisii with long horns is recorded from the thin Cretaceous succession from the lowermost
part of Site U0100. The youngest Lower Cretaceous sedimentary succession recovered at
Site U0082 is dated as late Albian based on the presence of the brackish water
dinoflagellate cyst N. davisii with long horns and by the FADs of Nyktericysta cf. arachnion
and the pollen Rugubivesiculites rugosus.
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The Upper Cretaceous successions recorded in Sites U0060, U0061, U0065, U0083,
and U0070 are dated late Cenomanian to Turonian (possibly middle to late Turonian)
based on diverse marine dinoflagellate cyst assemblages and selected spores.
The Upper Cretaceous sedimentary succession at Site U0065 records the middle
part of the upper Cenomanian, which is characterized by the presence of Cauveridinium
membraniphorum, Isabelidinium magnum, and Trithyrodinium suspectum, together with the
pollen R. rugosus. A slightly younger late Cenomanian assemblage occurs in the Upper
Cretaceous sedimentary successions in Sites U0083 and U0061, and from the lowermost
part of the sedimentary succession from Site U0060. The age assignment is based on the
appearance of Chatangiella tripartita, together with the presence of C. membraniphorum, I.
magnum, T. suspectum, and the pollen R. rugosus. The youngest Cenomanian sedimentary
succession is recorded from Site U0060 and dated based on the LAD of Wrevittia cassidata,
together with the presence of C. membraniphorum, I. magnum, T. suspectum and the pollen
R. rugosus.
The transition from the upper Cenomanian to lower Turonian occurs in the upper
part of the Cretaceous sedimentary succession of Site U0060 based on the FAD of
Heterosphaeridium difficile and the first common occurrence of Chatangiella granulifera,
which indicate an earliest Turonian age. The youngest Cretaceous succession cored during
Expedition 344S occurs in Site U0070 and is dated as Turonian based on the presence of C.
membraniphorum, C. granulifera, H. difficile, I. magnum, and T. suspectum. The LAD of the
pollen R. rugosus in the middle part and the common to abundant occurrence of H. difficile
in the middle and upper part of the Upper Cretaceous sedimentary succession in Site
U0070 may indicate a middle to late Turonian age.
Examination of nine Quaternary samples from Hole U0110C reveal reworked
dinoflagellate cysts and spores indicating reworking from the lower Miocene based on the
presence of Dinopterygium cladoides sensu Morgenroth (1966) and from the lowermost
Eocene based on the presence of Apectodinium augustum. The presence of the spore Azolla
spp. and the dinoflagellate cyst Deflandrea phosphoritica indicates reworking from the
Eocene. The presence of Alisocysta margarita, Areoligera gippingensis and Carpatella
cornuta indicate reworking from the Danian and Selandian (late Paleocene), and the
presence of a single fragment of Palynodinium grallator may indicate reworking from the
Cretaceous/Paleogene boundary. Apart from a few almost transparent non-age specific
species of Spiniferites, no dinoflagellate cysts in the Quaternary sediments are considered in
situ.
1.4.2.5 Pollen and Spores
Samples examined from the presumed Proterozoic–Paleozoic intervals of Sites
U0021, U0047, U0080, and U0110 are barren of pollen, spores, and other structured
terrestrial organic material and do not contain any evidence for the presence of terrestrial
vegetation in the area at the time of deposition.
The Lower Cretaceous sections recovered from Sites U0047, U0080, U0082, U0100,
and U0110 are distinguished by the presence of diverse species of Cicatricosisporites fern
spores, which were a common component of terrestrial ecosystems during the early
Cretaceous (Fig. 1.4-F1). These, together with other pteridophyte trilete miospores and
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assorted gymnosperms, of which small bisaccate pollen (e.g., Vitresporites) is the most
prevalent, characterize the early Cretaceous palynomorph assemblage in this region. This
assemblage suggests that the age of the sediments is late Aptian to Albian.
The terrestrial paleoflora indicates an initial swampy conifer/fern forest. By the
early Albian, the terrestrial vegetation transitions to a drier conifer forest, which is inferred
from increasing abundances of conifers and a reduction in fern spores. In the early and
middle Albian the conifer forest became much more diverse, with different types of
gymnosperm trees, ferns, and tree-ferns. These were subsequently replaced by
Podocarpidites-, and then Tsugae/Taxodiaceae-dominated conifer forests. Humid
conditions and a warm climate consistently persisted.
Middle Albian sediments record the introduction of early angiosperm pollen, which
is produced by a new type of terrestrial vegetation. Flowering plants invaded the
understory of the homogenous conifer/fern forest, as indicated by the presence of the
primitive angiosperm pollen Tricolpites and Tricolporopollenites. The terrestrial vegetation
shows some alteration at the end of Albian, which is recorded as a change in the
palynomorph assemblages to a predominance of megaspores (large fern spores and
monolete gymnosperms, e.g., Nevesisporites cf. dailyi, Hamulatisporis sp., and various
monosaccate conifers).
The Upper Cretaceous sediments found in Sites U0060, U0061, U0065, U0070, and
U0083 show a transition in the terrestrial vegetation as angiosperm pollen radiated. These
sediments also record the evolution of the important terrestrial Normapolles pollen group.
The Normapolles group represents biostratigraphically significant “transitional” pollen that
first appeared during the early/middle Cenomanian and diversified throughout the
remainder of the Cretaceous and into the Miocene, before it completely disappeared. The
pollen assemblages suggest changing distance from the shoreline to the site of deposition
over time. The conifer forest with fern understory in the hinterland was not significantly
reduced or replaced by other types of vegetation. Instead, changes most likely occurred in
the structure of the forest.
Upper Cenomanian sediments record a pseudo-cyclic and environmentally
remarkable appearance and disappearance of Laevigatosporites and Uesuguipollenites.
These palynomorphs of uncertain affinity, which are often found in marine environments,
are thought to be members of an algal group. Thus, their sporadic presence within these
sediments suggests regular sea level oscillations, with parallel adaptation of the terrestrial
vegetation to fluctuating environmental conditions.
The transition from the Cenomanian to the Turonian is indicated by the presence of
the biostratigraphically important trilete spore Cranwellia, a particularly diverse
angiosperm
pollen
assemblage
including
Tricolpates,
Tricolporopollenites,
Triatriopollenites, Complexiopolis, and aff. Proteacides, as well as Ulmoideipites and
Ulmopollenites pollen. This combination of palynomorphs suggests a new stage in the
development of plant communities; however, the older palynomorphs have not completely
disappeared from the assemblages, but rather are reduced in abundance. These
observations suggest that the climate of the studied area was consistently very warm and
humid. In fact, the terrestrial vegetation appears to have entered a prolonged transitional
phase, possibly associated with warming climate from a growing concentration of
greenhouse gases in the atmosphere and continuous sea level oscillations.
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The uppermost ~2 m of sediment from Site U0110 contains a relatively diverse and
abundant terrestrial palynomorph assemblage that suggests a young Quaternary age for
the sediments. Bisaccate pollen, mostly Picea and Abies types, together with Pinus, are the
most prevalent. Cupressaceae pollen is consistently present in all samples. A unique
characteristic of the assemblage is the presence of Podocarpaceae, a type of conifer, which
is not present in modern vegetation and is most likely reworked from the Cretaceous when
it occurred widely. The preservation of the grains within this group is variable, indicating a
high likelihood of re-deposition. The presence of grains of inaperture pollen (included in
the group Inaperturopollenites), which are obviously older than the Quaternary, also
suggests that the material has been reworked.

1.4.3 Paleomagnetism
The paleomagnetic measurement program of Expedition 344S entailed the
measurement of bulk susceptibility of whole-core and split-core sections and the natural
remanent magnetization (NRM) before and after alternating field demagnetization of
archive-half sections with the main goal of establishing a magnetostratigraphic record (Fig.
1.4-F3). The split-core sections were routinely demagnetized in 10 and 20 mT alternating
fields at 5-cm resolution. Several cores from the oldest part of the recovered section at Sites
U0047 and U0021 were stepwise demagnetized at 1-cm resolution up to 60 mT to
reconstruct a high-fidelity record of the paleolatitude of the presumed Proterozoic–
Paleozoic section. In addition, >200 discrete samples were stepwise demagnetized in
alternating fields to verify the split-core data and to obtain a measurement for the quality
of the recorded signal. Thermal demagnetization on a few selected samples was carried out
to characterize the carrier of magnetic remanence and to test for the effectiveness of the
thermal method in extracting the characteristic remanence.
1.4.3.1 Natural Remanent Magnetization and Magnetic Susceptibility
The magnetic properties of the three lithostratigraphic units exhibit significant
differences in magnetic intensity and susceptibility. The Quaternary diamict carries a much
stronger signal than the Cretaceous shales and the Proterozoic–Paleozoic sandstones and
carbonates (Appendix Table 1.4-AT2), with an overall average intensity of 0.17 A/m,
compared to 9.6 × 10-4 A/m in the underlying Cretaceous shales, and 2.3 × 10-3 A/m in the
Proterozoic–Paleozoic unit. Based on behavior during thermal demagnetization, with Curie
temperatures of ~580 C, the magnetic carrier mineral appears to be magnetite. Stepwise
demagnetization demonstrated excellent magnetic behavior in the strongly magnetized
diamict. Principal component analysis yielded consistent maximum angular deviations of
<5. The Cretaceous shales exhibit a much weaker signal that was often plagued by large
directional scatter and associated angular deviations of >5, and often >10. Nonetheless,
the data quality is sufficient for the interpretation of magnetic polarity. The oldest rock
units are also weakly magnetic with magnetite as the main carrier of remanence. They also
behaved well during alternating field demagnetization.
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Figure 1.4-F3. Summary diagram of magnetic data for Expedition 344S.
1.4.3.2 Magnetostratigraphy
Only magnetic inclinations were used for the magnetostratigraphic interpretation at
all sites. The geomagnetic field at the latitudes occupied by Expedition 344S (~75°) has an
expected inclination of ~82°, assuming a geocentric axial dipole field model, which is
sufficiently steep to determine magnetic polarity in rotary cores that lack horizontal
orientation. A steep and normal magnetic overprint imparted by the coring and recovering
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process was usually removed by the alternating field treatment, leaving a well-defined
magnetic polarity extracted from all rock units.
The diamict exhibits a steeply dipping normal polarity, which is assigned to the
Brunhes Chron (C1n, 0–0.781 Ma) based on biostratigraphic data. Sites U0110 and U0100
show a brief reversed polarity interval, or geomagnetic excursion, which likely represents
one of the short geomagnetic excursions that occur within the Brunhes Chron (for review
see Laj and Channell, 2007). Aksu (1983) describes short-duration magnetic reversals
dated between 129–161 ka from sediments in the Baffin Bay area, which would make the
Blake Event (120 ka) a likely candidate for the excursions observed during Expedition
344S.
The rock units below the unconformity all exhibit a steeply dipping normal polarity
magnetization, which is assigned, based on palynomorphs, to the Long Cretaceous
Superchron C34n (Fig. 1.4-F1, -F3), which spans from the Barremian to the Santonian
(83.64–125.93 Ma). Although it is not possible to subdivide this ~40 m.y. time interval into
a reversal stratigraphy, the long normal polarity chron is fully compatible with the
biostratigraphic interpretation and limits the age-range of the recovered sequence to the
mid-Cretaceous. Brief geomagnetic excursions have been described from Chron C34;
however, their ages and occurrences are not well established. Short reversed intervals,
possibly not previously described, were only observed in the Aptian/Albian of Site U0080
and the Turonian at Site U0070 (Fig. 1.4-F3).
The Proterozoic–Paleozoic rock units exhibit a mostly normal polarity; however,
most of the rocks appear to be severely overprinted and lack biostratigraphic control,
which inhibits a magnetostratigraphic interpretation.
1.4.3.2 Paleolatitudes
Assigning even an approximate age to the sediments from the oldest
lithostratigraphic unit is difficult because of the lack of biostratigraphic markers or other
age-indicative features. The occurrence of massive and laminated carbonates and evidence
for deposition in an evaporative restricted carbonate platform setting with oolites suggests
formation of this unit at low, equatorial latitudes in a shallow, warm marine environment.
Because this should be reflected in the magnetic inclinations, we stepwise demagnetized
(0–60 mT) seven cores from Sites U0021 and U0047 at 1-cm resolution with the goal of
extracting a high-fidelity paleolatitude record of those intervals that were not affected by
remagnetization, alteration, or weak magnetic intensity.
Principal component analysis yielded a variety of values, ranging from present-day,
steep and normal, steep and reversed, through shallow inclinations. Shallow inclinations
appear to be restricted to carbonate horizons and present-day inclinations (overprint)
appear to be common in the intervals between the carbonate horizons. This suggests that
the carbonate-rich layers were less affected by the remagnetization processes than the
clay-rich intervals. The associated paleolatitudes are very low, which indicates formation of
these sediments at or near an equatorial position. Since Greenland was near the
paleoequator for parts of the Proterozoic and Paleozoic (Scotese and McKerrow, 1990), the
rocks below the Cretaceous shales are probably of Proterozoic to Paleozoic age.
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1.5 Physical Properties
1.5.1 Overview
During Expedition 334S, 715 core sections were measured for bulk density and
magnetic susceptibility at 2.5 cm resolution and for natural gamma radiation at 10 cm
resolution. Bulk and grain density and porosity were also measured on 497 discrete
samples and P-wave velocity was determined for 3 axes from 473 discrete samples
extracted from these same cores (Appendix Table 1.5-AT1).
Throughout the expedition we encountered sediment of three different ages,
Proterozoic-Paleozoic, Cretaceous, and Quaternary, characterized by a variety of
lithologies, each with distinct physical properties (Figs. 1.5-F1 and -F2).

1.5.2 Measurements and Data Analysis
1.5.2.1 Proterozoic-Paleozoic Strata
Proterozoic–Paleozoic rocks are predominantly dolomites and carbonate-bearing
mudstones and siltstones. Dolomitic rocks are characterized by very low magnetic
susceptibility (~4 × 10-5 SI) and natural gamma radiation (NGR) levels only barely above
background (~10 cps). In contrast, mudstones contain a higher aluminosilicate mineral
content and have considerably higher susceptibility (>10-4 SI) and NGR (~75 cps).
Alternations in these properties clearly identify the meter-scale inter-bedding of these
lithofacies as defined by the shipboard sedimentologists. Porosity is ~14%, which is about
7% lower on average than in overlying Cretaceous strata. Compressional wave velocity lies
between 3200 and 6000 m/s (Fig. 1.5-F2j), indicating targets at depth within these
lithologies may be much deeper than estimated using a constant velocity of 2700 m/s.
1.5.2.3 Cretaceous Strata
Cretaceous sediments are predominantly black carbonaceous mudstones with
subordinate biogenic silica (opal) and cm-thick laminated fine sandstones and siltstones
that are often carbonate cemented.
Grain Density and Sediment Composition
Changes in sediment composition with depth are most clearly seen as changes in
average grain (mineral) density (Fig. 1.5-F1 and -F2). Common aluminosilicate minerals
(quartz, feldspar, common clays) have a narrow range of densities (2.6–2.75 g/cm3). In
contrast, biogenic opal (typically recrystallized diatoms and sponge spicules) and organic
carbon-rich sediments are substantially less dense (0.8–2.0 g/cm3) and siderite, the
common pore-filling cement, is much denser (3.96 g/cm3). Additional information from
geochemical (total organic carbon) and mineralogical (X-ray diffraction) analyses allows
estimation of changes in the relative abundance of these minerals with depth (Fig. 1.5-F1).
Using this approach, dm- to meter-thick beds rich in opal occur frequently in the upper part
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of the stratigraphic column (320−640 m), interpreted as a mid-continental shelf to upperslope environment (see section “1.3 Lithostratigraphy”). Low grain densities associated
with high carbon content sediments occur in the lower part of the stratigraphic column
from (1400 m to the unconformity with underlying Proterozoic-Paleozoic strata) in an
interval interpreted as delta-front or subaerially exposed environments (see section “1.3
Lithostratigraphy). Between these shallow and deeper water, deposits a transitional zone
dominated by aluminosilicate minerals occurs.
P-wave Velocity
P-wave velocity for the uncemented mudstones, comprising most of the recovered
sediment, averages 2500 m/s in the vertical (z) direction). The mudstone has a strongly
developed bed-parallel (horizontal) fabric and this is reflected in a marked velocity
anisotropy (Fig. 1.5-F2h). Velocities in the horizontal plane are on average ~10 % faster
than the vertical axis. There is no systematic anisotropy trend with depth. Coarser grained
rock (fine sand- and siltstones) are typically concentrated in cm-thick layers and represent
much less of the recovered sediment (<10%). These lithologies have a much greater range
of velocities, skewed towards high values due to the concentration of pore-filling cement in
what must have originally been more permeable layers (Fig. 1.5-F2f and -F2g).
Porosity
Porosity shows a slight, although poorly defined, decrease with depth if cemented
samples are excluded, from ~26% in the upper 200 m to ~19% in the lowermost 200 m of
the record, most likely because of increasing compaction with depth. For fine-grained
claystones and mudstones the average porosity is ~22% and for sandstones and siltstones
~17% and ~14%, respectively (Fig. 1.5-F2k-n). The frequent occurrence of low porosities
evident within sandstones and siltstones in particular (Fig. 1.5-F2k and –F2l) is a reflection
of the commonly cemented nature of these lithologies. The wide scatter in porosity with
depth is also due to the prevalence of cement, which occurs throughout the stratigraphic
column but in lower abundance in intervals rich in opal or organic carbon (Fig. 1.5-F1).
Relationship Between Velocity and Porosity
Generalized empirical comparisons between porosity and velocity for siliciclastic
rocks from downhole measurements show that velocity increases exponentially with
decreasing porosity (Erickson and Jarrard, 1998). For porosity values <35% coarser grain
sizes displace this relationship towards higher velocities for a given porosity. We also find
an exponential increase in velocity (Vp=82.7 × e-0.0005ϕ, R=0.73) with decreasing porosity
but with two important differences from the results of Erickson and Jarrard (1998). First,
the rate at which velocity increases is greater than predicted by their model, and second, it
appears independent of lithology within Baffin Bay Basin (Fig. 1.5-F3).
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Figure 1.5-F1. Composite stratigraphic column with physical properties measurements.
Down section measurements of bulk density, grain density, P-wave velocity {discrete
measurements in the horizontal [Vp(x)] and vertical [Vp(z)] orientations}, and porosity.
Grain density values typical of common aluminosilicate minerals and calcite are shaded
green. Values associated with increasing siderite, dolomite, opal, and carbon are shaded
orange, blue, yellow, and black respectively.
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Figure 1.5-F2. Histograms of grain density, velocity, and porosity for different lithologies.

Centimeter to Meter Scale Sediment Variability
High-resolution physical properties data highlight prominent cm- to m-scale cyclic
patterns of sedimentation that occur throughout the Cretaceous interval (Fig 1.5-F4). In
particular, magnetic susceptibility and GRA density increase sharply in the presence of
siderite-cement, which is typically (but not exclusively) concentrated within laminated fine
sandstone and siltstone beds. Natural gamma radiation primarily reflects the relative
abundance of radioactive element bearing clay minerals and organic matter, increasing in
their presence and decreasing in their absence. The three examples in Figure 1.5-F4
demonstrate the quasi-regularity of the sand/siltstone beds from their physical properties
signature, as well as subtle differences in sedimentation style in different parts of the basin.
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Note that not all sand/siltstone beds are cemented and these do not have a marked
susceptibility or density response.
At a sedimentation rate of ~5-10 cm/k.y. (see “1.3 Lithostratigraphy”) these events
would occur every ~10-20 k.y. and may point to their being forced by changes in climate
associated with changes in the geometry of Earth’s orbit.

Figure 1.5-F3. Velocity vs. porosity relationship for different lithologies. Relative to the
empirical relationships found in siliciclastic rocks by Erickson and Jarrard (1998),
Expedition 344S samples show (a) a more rapid increase in velocity as porosity is lost and
(b) the trend appears independent of lithology.
1.5.2.4 Quaternary Strata
Quaternary sediments are predominantly diamict and are characterized by
magnetic susceptibility two orders of magnitude higher (~4 ×10-3 SI) than for any preQuaternary sediment, P-wave velocities of ~2350 m/s, and an average porosity of ~26%.
Most sites have a thin (<1.5 m) veneer of very porous (>70%), diatomaceous mud,
representing post-glacial deposition in a seasonally open water environment underlain by
more consolidated (porosity <40%) diamict, representing sub-glacially deposited sediment
that has been ice-loaded. Abnormally high “spikes” in velocity and density within these
datasets are caused by the presence of large clasts within the finer-grained matrix.

1.5-5

Chapter 1. Expedition Summary
1.5 Physical Properties

Proceedings of the Baffin Bay
Scientific Coring Program

Figure 1.5-F4. (Figure on next page). Composite stratigraphic column with detailed view of
meter-scale physical property variability. Down column measurements of (a) magnetic
susceptibility and (b) natural gamma radiation highlighting the “spikiness” of these records
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due to regular occurrences of siderite-cemented cm-thick laminated fine sandstone and
siltstone beds. Detailed view of the cyclical pattern of siltstone bed deposition found
throughout Cretaceous strata from (c) Core U0070A-17R, (d) Core U0065A-8R, and (e)
Core U0080A-10R. For (c) and (e) note the presence of siderite-cemented silt layers
highlighted by high susceptibility and density. For (d) note (1) progressive increase in
magnetic susceptibility and intensity suggesting an influx of ferromagnetic minerals
highlighted blue followed by (2) an increase in natural gamma radiation (NGR) suggesting
increased concentrations of organic matter (shaded gray), and (3) a high magnetic
susceptibility layer with high bulk density reflecting the presence of siderite cement.

1.5.3 References
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1.6 Geochemistry
Shipboard organic geochemical studies during Expedition 344S included monitoring
of hydrocarbon gases, measuring total carbon, carbonate carbon, total organic carbon, and
total nitrogen contents, and characterizing organic matter by pyrolysis assay. Procedures
are summarized in “Chapter 2. Methods” (see section “2.6 Geochemistry”). Among the most
interesting findings of the shipboard geochemical investigations are that:
(1) some Cretaceous black shales in Baffin Bay contain levels of organic carbon (40-50 wt%
TOC) greater than any Cretaceous black shales previously recovered in cores of the Deep
Sea Drilling Project, Ocean Drilling Program, or Integrated Ocean Drilling Program, and
(2) Cretaceous rocks can be charged with large volumes of biogenic methane (> 400,000
ppmv or 1-2 std. vol. CH4/vol. rock).

1.6.1 Hydrocarbon Gases
At all sites drilled, headspace (HS) samples were analyzed using the GC3 system
(Appendix Table 1.6-AT1). In addition, for selected samples with high methane
concentrations, samples were also analyzed using the NGA to detect the presence of higher
hydrocarbons (Appendix Table 1.6-AT2). Data reported are in parts per million by volume
(ppmv).
Due to poor recovery in the upper part of most holes, gas concentrations were not
always determined in the glacimarine Quaternary material during Expedition 344S. Where
core recovery allowed for gas analysis, the methane concentrations were generally low (<
20 ppmv) and the higher hydrocarbons absent. The low methane levels in the Quaternary
material suggest the presence of sulfate in the pore waters and diffusive contact with
overlying bottom waters.
At almost all sites, methane concentrations increased rapidly to values in the range
of 10,000 to 100,000 ppmv with the recovery of Cretaceous material (Fig. 1.5-F1). At Site
U0800, methane was only present in elevated concentrations in a short interval between
40 and 90 mbsf. At Sites U0021 and U0047, methane concentrations were never high. The
very high methane levels (>100,000 ppmv) encountered at Sites U0060, U0061, U0065,
U0083, U0100, and U0110 indicate active subsurface methanogenic biodegradation of
hydrocarbons in the black shales. The fact that high methane content was not observed at
Sites U0080 and U0047 within the organic-rich Cretaceous sediments was probably due to
a supply of dissolved sulfate at depth. At Site U0047 the interval of Cretaceous black shales
was short (~20 m), in addition at this site sulfate is probably supplied by the underlying
Proterozoic-Paleozoic oxidized sandstone that immediately underlies the Cretaceous
section and crops out at the seafloor just northwest of the Site U0047 location. Northeast of
Site U0080 there is a seismic feature (likely a fault) that terminates the high-amplitude
layers corresponding to the cored Cretaceous interval. This seismic feature may indicate a
condition that permits influx of dissolved sulfate which inhibits methanogenesis. At Site
U0080, only the depth interval between 40 and 90 mbsf apparently is devoid of sulfate and
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condusive to methanogenesis. Site U0021 has no gas because there is no metabolizble
organic matter and because there is communication with a seawater supply of sulfate.
Formolo et al. (2008) have proposed that the high methane levels at shallow depth
in shales of a sedimentary basin along the former margin of the Laurentide ice sheet is
related to both advances and retreat of the continental ice mass. They reason that the
combination of meltwater diluting saline formation waters, ice coverage preventing
outgassing, and increased hydrostatic pressure of an ice sheet inoculated the subsurface
with fermentative and methanogenic microorganisms and lead to the build-up of high
methane concentrations. At most sites drilled during Expedition 344S, the Cretaceous
sediments are covered by tens of meters of Quaternary diamicts, indicating that the sites
were covered by the Greenland ice sheet during the Quaternary, most likely during the Last
Glacial Maximum (LGM). Site U0080, characterized by low methane concetrations, is the
only site with a very thin (80 cm) Quaternary cover. In this context, it is likely that the high
methane concentrations encountered at most sites during Expedition 344S are, at least
partly, related to the coverage by the Greenland ice sheet during glacial periods.

Figure 1.6-F1. Methane concentrations from all sites of Expedition 344S. Concentrations of
methane (in ppmv) for each site drilled during Expedition 344S versus depth (meters
below seafloor of each site).
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The higher methane levels with average values around 100,000 ppmv encountered
in the Cretaceous sediments at most sites are accompanied by the presence of the higher
hydrocarbons, most notably ethane. Methane/ethane (C1/C2) ratios were in general greater
than 1,000, consistent with a microbiological origin of the methane and the above proposed
mechanisms. Only Sites U0060, U0061, and U0065 are characterized by a shift towards
lower C1/C2 ratios below ~ 100 mbsf. These low C1/C2 ratios coincide with increased
abundance of the other higher hydrocarbons (propane to hexane). The low C1/C2 ratios at
Sites U0060, U0061, and U0065 and increased concentrations of higher hydrocarbons at a
shallow depth indicate some localized migration of thermogenic hydrocarbons that have
mixed with the microbial methane gas at these sites. The higher hydrocarbons, most
notably pentanes and hexanes, are composed almost exclusively of the branched isomers,
isopentane and isohexane. Depletion of the usually predominant normal (straight-chain)
isomers is a characteristic feature of methanogenic biodegradation.
The ppmv units traditionally used for the headspace gas analysis refer to the
concentration of gas components within the air-space of the sealed 22 cm3 vial containing a
nominal 5 cm3 of sediment or rock chips. The ppmv units can be converted to standard gas
volume/rock volume (v/v) units by multiplying the ppmv values by a factor of 3.3 x 10 -6.
Thus the typical 100,000 ppmv headspace methane concentration would correspond to
0.33 v/v. The highest observed concentrations (400,000 and 440,000 ppmv) on Expedition
344S are equivalent to 1.3 and 1.5 v/v. These are minimum concentrations because the
core outgases in the core barrel during the time (30-45 min.) required for wireline retrieval
and storage in the mousehole while the next core barrel is sent down. It is likely that the
total original gas content of these rocks is about double what is measured in the headspace
gas analysis. These gas volumes are comparable to those measured in controlled
outgassing experiments on cores from producing shale gas and coalbed methane regions.

1.6.2 Total Carbon content
Inorganic carbon (IC), total carbon (TC), total organic carbon by difference
(TOCCHNS), and total nitrogen (TN) were analyzed at all sites of Expedition 344S, except Site
U0021 (Appendix Table 1.6-AT3).
No general trends or clear patterns exist in the records of carbonate content at the
various sites of Expedition 344S, except that carbonate content is generally low at all sites.
Thin intervals with elevated carbonate content are present at most sites.
In general, the glacimarine Quaternary sediments encountered at the top of most
holes are characterized by very low (<1 wt%) total organic carbon (TOC) content. The
Cretaceous material recovered at most sites were predominantly black carbonaceous siltand mudstones. The TOC of these sediments was always at least one order of magnitude
greater than typical marine sediments, which have TOC content of around 0.2 wt%. Even
so, the TOC content varied greatly between sites (Fig. 1.6-F2). In the context of the
biostratigraphic ages, the relatively young Cretaceous sediments recovered at Site U0700
(Turonian), Site U0060 (Turonian to late Cenomanian), and Site U0061 (late Cenomanian)
are characterized by low to moderate TOC content with values between 1 and 5 wt% (Fig.
1.6-F2). At Site U0060 the Cenomanian-Turonian boundary, that is elsewhere characterized
by black shales that were deposited during Ocean Anoxic Event (OAE) 2, does not coincide
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with a significant increase in TOC content. Sites U0083 (late Cenomanian), U0065 (late
Cenomanian), and U0082 (late Albian to early Cenomanian) are characterized by moderate
TOC content with values between 2 and 10 wt%. At Site U0100, only a short interval of
Cretaceous material was recovered with a presumed age of middle to late Albian. TOC
content within this short Cretaceous interval at Site U0100 was moderate (~ 5 wt%). Sites
U0080 (late Aptian (?) to Albian) and U0110 (late Aptian (?) to early Albian) are
characterized by high to very high TOC values with maxium TOC values in the order of 50
wt%. Also at Site U0047, only a short interval of Cretaceous material was recovered with a
presumed age of late Aptian (?) to early Albian. TOC content within this short Cretaceous
interval at Site U0047 was high (up to 14 wt%).
Together these results demonstrate that within Melville Bay, TOC content is the
highest within sediments of late Aptian(?) to early Albian age and TOC content decreases
towards sediments with Cenomanian and Turonian age.

Figure 1.6-F2. Total Organic carbon versus cumulative depth from all Cretaceous samples
from Expedition 344S.
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1.6.3 C/N ratios
Classically the ratio between the TOC and Nitrogen content (C/N ratio) is used to
determine the source of organic matter in sediments. C/N ratios around 6 are typical for
marine organic matter while vascular land plants have C/N ratios greater than 15 (Stein et
al., 1989). However, the usual scheme for evaluating C/N ratios gives misleading
interpretations for Cretaceous black shales, as shown by several studies (Meyers et al.,
1984; Junium and Arthur, 2007). These studies indicate that selective loss of nitrogen
relative to carbon in black shales leads to artificially high C/N ratios in back shales. Outside
black shales, all but the most resistant organic matter is lost. Similarly, Twichell et al.
(2002) postulate that during periods of high primary productivity, greater recycling rates
of nitrogen-rich, relative to carbon-rich, organic matter leads to an artificial increase in C/N
ratios. Black shales thus appear to have higher C/N ratios and more input of terrestrial
organic matter to the sediment (lignin and cellulose in terrestrial vascular plants contain
little nitrogen so sedimentary organic matter derived from land plants generally have high
C/N ratios). This bias in C/N ratios in black shales with increased TOC content is supported
by the plot of C/N ratios versus TOC for all samples measured during Expedition 344s (Fig.
1.6-F3), which demonstrates a clear relation between increase in TOC and high C/N ratios.
In addition, an artificial increase in black shale C/N ratio is supported by SRA pyrolysis
characterization that indicate that Cretaceous black shales with the highest carbon content
generally contain marine organic matter. Conversely, samples with low C/N ratios
(apparently more marine) typically have Hydrogen and Oxygen index values that are more
characteristic of Type III (terrestrial) organic matter. Accordingly, the high C/N ratios
found in the Cretaceous black shales at several sites (e.g., U0080 and U0110) do not
reliably indicate type of organic matter in the organic rich Cretaceous black shales.

Figure 1.6-F3. Plot of C/N ratios vs. TOC from all Cretaceous samples from Expedition 344S.
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1.6.4 Petroleum Source Rock Potential
One aspect of the basic geology evaluation undertaken during Expedition 344S was
the petroleum source rock potential. The main factors that determine petroleum source
rock potential are richness, type, and thermal maturity of the organic matter, as well as the
volume of the prospective source rock. The cores collected during Expedition 344S were
mainly rocks of Cretaceous (Aptian to Turonian) age, in most places overlain by variable
thicknesses of Quaternary glacial sediment and underlain by much older rocks of
Proterozoic to Paleozoic (likely Neoproterozoic) age. For each site, a selection of the
samples used for the carbon and elemental analyses was measured using the Source Rock
Analyzer (SRA) to determine the TOC content, characterize the type of organic matter, and
thermal maturity (Appendix Table 1.6-AT4). Based on these results, and in agreement with
the low TOC outside the Cretaceous rocks as described in section “1.6.2. Total Carbon
content”, only the Cretaceous rocks are considered prospective as petroleum source rocks.
Lithologically, the recovered Cretaceous sections mainly consists of a thick sequence
of carbonaceous mudstone with minor siltstone. These carbonaceous rocks (elsewhere
called “black shales”) have variable richness as indicated by organic carbon content,
ranging from about 1 to 42 wt% (TOCSRA). Similar to the conclusion based on the TOCCHNS,
the most prospective source rocks from the standpoint of organic richness (TOCSRA) are
located in the mid-Cenomanian (from Sites U0065 and U0083) and in the late Aptian(?) to
Albian (Sites U0080 and U0110). The petroleum potential of thermally immature rocks is
indicated by the S2 pyrolytic hydrocarbon yield. The S2 yields range from 2 to 220 mg HC/g,
with the higher yields being produced by the rocks with higher organic carbon content (Fig.
1.6-F4).
The type of organic matter is indicated by the hydrogen index (HI) versus oxygen
index (OI). For most sites, the Cretaceous sediments are characterized by an low OI and low
to moderate HI, indicative for Type II organic matter derived primarily from marine algae
(Fig. 1.6-F5).
The thermal maturity was estimated from the SRA pyrolysis Tmax values, which
range from about 410 to 445°C. This is equivalent to an estimated vitrinite reflectance (Ro)
range of about 0.3 to 0.7 %Ro. With respect to petroleum generation the observed level of
maturity ranges from immature to the early stages to mid-stages of petroleum generation
(Fig. 1.6-F6). The plot of HI versus Tmax values suggests that most low TOC content samples
from Expedition 344S are gas-prone (Fig. 1.6-F6). Samples from Sites U0060 (CenomanianTuronian), U0080 (late Aptian(?)-Albian), U0083 (Cenomanian), and U0110 (late
Aptian(?)-Albian), which in general were also characterized by the highest TOCCHNS, plot
within the Type-II oil and Type-II oil-gas prone regions, and can be considered as excellent
oil source rocks.
Empirical Tmax vs. depth correlations for continuously subsiding sediments and
thermal gradients in the range of 30–40°C/km were used to estimate maximum burial
depths for each site (Fig. 1.6-F7). When compared to the cumulative depth, there is no
regular increase in maximum burial depth with increasing cumulative depth. The samples
with low estimated burial depth from Sites U0070 and U0060 have low carbon contents
and contain a large proportion of recycled, refractory organic matter that records a
previous burial history not indicative of present thermal maturity. The samples from Sites
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U0061 and U0065 contain a greater proportion of primary, first-cycle organic matter that
more accurately reflects the past burial history. Samples from Sites U0080, U0082, and
U0083 are located in a nearby region that was less deeply buried than the cumulative
seismic depth would suggest. Rocks at Site U0082 have elevated Tmax due to a high
proportion of inert, recycled organic matter. Samples from Sites U0100 and U0110 have the
highest average Tmax values, and probably have generated and expelled petroleum during
burial prior to uplift. As a consequence, the S2 values are lower (possibly by as much as
50%) than they would be at a maturity level comparable to samples at Site U0080, meaning
that the petroleum potential for these sites may be underestimated.

Figure 1.6-F4. Plot of S2 versus cumulative depth from all Cretaceous samples from
Expedition 344S.
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Figure 1.6-F5. Hydrogen index vs. oxygen index from all Cretaceous samples from
Expedition 344S. Roman numerals I–III indicate different types of kerogen.
The spot sampling and selective recovery of carbonaceous mudstone during
Expedition 344S does not allow accurate estimate of the total thickness of organic-rich
source rocks within the most prospective stratigraphic intervals. For example, the core
recovery suggests that Hole U0080A consists of 350 meters of organic rich rocks. However,
downhole logging showed that sands were also dominant in Hole U0080A, but these sands
were poorly recovered. At most sites, downhole logging is not available, which augurs
caution when extrapolating organic carbon content across poorly recovered intervals. In
addition, the blacker, apparently more organic-rich centimeter thick intervals were
overrepresented in the sampling of cores, and higher carbon content samples were
preferentially selected for SRA pyrolysis, likely causing a bias towards higher average
organic matter content and S2 values. However, the lithologic descriptions, physical
properties, and downhole logs all indicate fairly monotonous black shale sequences at most
sites, so averages over the intervals with elevated S2 yields may provide some measure of
the cumulative hydrocarbon potential. Based on results from Sites U0065 and U0083, the
Cenomanian aged rocks may contain a cumulative thickness of 30 m of black shale source
rock with an average S2 yield of 10 kg/t. Aptian-Albian aged black shales at Site U0080
appear to have a cumulative source rock thickness of about 50 m with S2 yield averaging
about 50 kg/t.

1.6-8

Chapter 1. Expedition Summary
1.6 Geochemistry

Proceedings of the Baffin Bay
Scientific Coring Program

Figure 1.6-F6. Tmax versus Hydrogen index from all Cretaceous samples from Expedition
344S. Roman numerals I–III indicate different types of kerogen. Low hydrogen indexes are
characteristic for gas prone source rocks, while a higher hydrogen index indicate oil prone
source rocks. A Tmax below 430°C indicates immature organic matter, while a Tmax above
475°C indicates post mature organic matter.

Figure 1.6-F7. Maximal burial depth each site based on the Tmax of the Cretaceous samples
from Expedition 344S.
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1.7 Downhole Measurements
Three sites were logged during the Baffin Bay Scientific Coring Program: Sites
U0080, U0070, and U0060 (Figure 1.7-F1). At Site U0080 all the planned measurements
were made: gamma ray, density, porosity, resistivity, sonic velocity, magnetic
susceptibility, electrical images, and a vertical seismic profile. At Sites U0070 and Site
U0060, ice conditions and time constraints limited the deployments: no VSP was acquired
at either of these sites, and no density or electrical images were recorded in Site U0060.

Figure 1.7-F1. Summary of the sites and intervals logged during the Baffin Bay Scientific
Coring Program. gAPI = American Petroleum Institute units.
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Downhome measurements at the three sites indicated that hole conditions were
nearly ideal. The resulting data were of high quality. These data complemented the
recovered core in intervals with partial recovery and allowed depth correction of cores
with partial recovery and identification of missing geological intervals and boundaries. In
Site U0080 the downhole logs identified thick (meter-scale) sand layers that were not
recovered in the cores. FMS images acquired from Sites U0080 and U0070 are of high
quality across the logged section and show a wide range of textures and features, including
surfaces and bedding down to the centimeter-to-meter scale. Structural analysis of the FMS
images at the sites showed a regional dip of features generally in a southerly direction.
Comparison with core images shows that the orientation of the beds was not apparent in
the cores.
The magnetic susceptibility and natural gamma ray logs allowed detailed
correlation of high-resolution downhole measurements (logs) with data collected from the
core, which allowed precise core-log integration even in intervals where core recovery was
poor.
The good agreement between the physical properties measured on the cores and
the logging data at the three sites logged suggests that the physical properties measured on
the cores should reflect reliably the properties of the formation in the other sites. In
particular, the velocity measurements should provide a robust calibration for the depth
conversion of the seismic data and the density should provide insights into lithological
variations (see section “1.5 Physical Properties”). In addition, the combined density and
seismic velocity data both from logging and cores provide the basis for the construction of
synthetic seismograms, which provide a means for extrapolating the stratigraphic section
cored at the Expedition 344S sites to other locations throughout the regional basins.
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2.1 Authorship
All shipboard scientists contributed to this volume. However, certain sections were
written by discipline-based groups of scientists as listed below (authors are listed in
alphabetical order, no seniority is implied):
Expedition Summary: Expedition 344S Scientists
Methods: Expedition 344S Scientists
Site Summary: Acton and Expedition 344S Scientists
Operations: Acton, Kulhanek, Storms, Holloway
Lithostratigraphy: Ferretti, Knutz, Krissek, Laurin, Woodard, Wright
Chronostratigraphy: Delusina, Ishman, Kulhanek, Nøhr-Hansen, Olney, Richter
Geochemistry: Claypool, Naafs
Physical Properties: Dunbar, Lado-Insua, Richter
Downhole Measurements: Evans, Guerin
Core-Log-Seismic Integration: Maloney

Figure 2.1-F1 Shipboard Scientific Party: Back row Left to Right: Irina Delusina, Helen
Evans, Carl Richter, Scott Ishman, Dominic Maloney, Gary Acton, Patrizia Ferretti, Matt
Olney, David Naafs, Henrik Nohr-Hansen. Seated Left to Right: Jiri Laurin, Paul Knutz,
George Claypool, Larry Krissek, Gavin Dunbar, Stella Woodard, Tania Lado Insua, Jim
Wright, Denise Kulhanek. Not Shown: Gilles Guerin, Mike Storms, and Leon Holloway.
Photo by Bill Crawford.
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2.2 Explanatory Notes
2.2.1 Introduction
This chapter documents the procedures and methods employed in the various
shipboard laboratories during Expedition 344S Baffin Bay Scientific Drilling Program with
the Drillship R/V JOIDES Resolution. Information assembled in this chapter will help the
reader understand the basis for shipboard observations and preliminary conclusions of
Expedition 344S. It will also enable the interested investigator to identify data and select
samples for further analysis. This introductory section provides an overview of shipboard
operations, curatorial conventions, and general core handling and analysis.

2.2.2 Numbering of sites, holes, cores, and samples and computation of depth
Drilling sites are usually numbered consecutively from the first site drilled by the
Glomar Challenger in 1968. Starting with IODP Expedition 301, the prefix “U” designates
sites occupied by the US Implementing Organization (USIO) vessel, the R/V JOIDES
Resolution. On Expedition 344S the original site-survey numbering scheme was maintained,
independent from the order in which the sites were actually drilled. To comply with the
IODP numbering standard, zeros and a U were added, e.g., Site 70 became Site U0070. For
all IODP drill sites, a letter suffix distinguishes each hole drilled at the same site. The first
hole drilled is assigned the site number modified by the suffix “A,” the second hole takes the
site number and the suffix “B,” and so forth.
While on site, ship location over a hole is maintained with respect to one or two
positioning beacons deployed on the seafloor and in active communication with the
Neutronics 5002 dynamic positioning (DP) system on the JOIDES Resolution. In general, the
primary reference for DP is the Global Positioning System (GPS); the beacon reference acts
as a backup in the event that GPS becomes unreliable.
The cored interval is measured in meters below rig floor (mbrf) and reported in
meters below seafloor (mbsf). Depth below seafloor is determined by subtracting the
seafloor depth measured from the rig floor, as determined from the initial drill pipe
measurement, from the rig floor measurements. Note that according to the recent IODP
Depth Scales Terminology version 2 (www.iodp.org/program-policies), the mbsf scale is
defined as the core depth below seafloor, method A (CSF-A), with units of meters. The
computations of mbsf and m (CSF-A) depths are exactly the same (Figures 2.2-1, 2.2-2).
During most IODP expeditions, each cored interval is generally 9.5–9.8 m long, which is the
length of a core barrel. However, one potential cause of poor recovery during hard rock
coring is core jamming in the bit or in the throat of the core barrel. Once the opening in the
bit is jammed, core is prevented from entering the core barrel. During ODP and IODP hard
rock coring missions, core barrels were often extracted at shorter penetration intervals in
order to mitigate loss of core when the bit was blocked.
Each core recovered is divided into 1.5 m sections that are numbered serially from
the top. When full recovery is achieved, the sections are numbered sequentially as
recovered, starting with 1 at the top of the core; the last section may be shorter than 1.5 m
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(Fig. 2.1-F1). For the purpose of nominal depth calculation, the top depth of the core is
equated with the top depth of the cored interval (in mbsf) by convention, to achieve
consistency in handling analytical data derived from cores. All pieces recovered are placed
immediately adjacent to each other in the core tray. Samples and descriptions of cores are
designated by distance, measured in centimeters from the top of the section to the top and
bottom of each sample or interval. A full identifier for a sample consists of the following
information: expedition, site, hole, core number, core type, section number, section half
identifier (if applicable), top and bottom offsets in centimeters measured from the top of
section (half), and additional subsample names if applicable. For example, the designation
“Sample 344S-0080A-17R-1W, 0–1 cm (Thin Section 2)” represents the second thin section
made during the expedition, of a billet removed from the interval between 0 and 1 cm at
the top of working section half 1W in Core 17R (R designates that this core was taken with
the rotary core barrel) of Hole 0080A from Expedition 344S (Figure 2.2-3).

Figure 2.2-F1. Labeling scheme used for holes, cores, and sections during Expedition 344S.

2.2.3 Site locations
At all Expedition 334S sites, GPS coordinates from precruise site surveys were used
to position the vessel on site. The only seismic system used during the cruise was the
Syquest Bathy 2010 CHIRP subbottom profiler, which was monitored on the approach to
each site to ascertain that the seafloor depth agreed with that from the precruise survey.
Once the vessel was positioned at a site, the thrusters were lowered and a positioning
beacon was dropped to the seafloor. The dynamic positioning control of the vessel uses
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navigational input from the GPS and triangulation to the seafloor beacon, weighted by the
estimated positional accuracy. The final hole position was the mean position calculated
from the GPS data collected over the time that the hole was occupied.

Figure 2.2-F2. Schematic of depth scales CSF-A (= mbsf) and CSF-B.

2.2.4 Coring and drilling operations
The extended core barrel (XCB) was used only at Holes U0110A and U0110B and
the rotary core barrel (RCB) system was used for the other sites cored during Expedition
334S. These standard coring systems and their characteristics are summarized in Graber et
al. (2002). The XCB system is deployed when the formation is too stiff or too hard for the
APC system. The XCB cutting shoe (bit) extends as far as ~30.5 cm ahead of the main bit in
soft sediments but retracts into the main bit if hard formations are encountered. It became
obvious on the first site cored during Expedition 344S that the XCB system is not adequate
to cut through the clasts of the Quaternary diamict unit encountered at all sites.
The RCB system was deployed to drill all sites because of the hard clasts
encountered in the top lithostratigraphic unit, and the hardness of the Cretaceous shales
and the underlying Proterozoic-Paleozoic units. The RCB is a conventional rotary drilling
system and requires a dedicated RCB bottom hole assembly (BHA) and a dedicated RCB
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drilling bit (9⅞ inch outer diameter). A typical BHA for RCB coring includes an RCB drill
bit, a mechanical bit release (MBR), a modified head sub, an outer core barrel, a modified
top sub, and a series of drill collars followed by tapered drill collar and 5½ inch drill pipe.

2.2.5 Core handling and analysis
As soon as a core is retrieved on deck, a sample is taken from the core catcher and
taken to the paleontology laboratory for an initial age assessment. Then, the core is laid out
on a long horizontal rack on the catwalk adjacent to the drilling floor. Next, the core is
marked into section lengths, each section is labeled, and the core is cut into sections (Fig.
2.2-F3). Headspace gas samples are taken from the ends of cut sections on the catwalk and
sealed in glass vials for light hydrocarbon analysis as part of the shipboard safety and
pollution prevention program. The plastic core liner containing each section is then sealed
at the top and bottom by gluing on color-coded plastic caps: blue to identify the top of a
section and clear to identify the bottom. Caps are usually attached to the liner by coating
the end of the liner and the inside rim of the cap with acetone.

Figure 2.2-F3. Schematic of the labeling used for samples.
Next, the sections of core are carried into the laboratory and each is labeled again
using a laser engraver to mark the full designation of the section permanently onto the
plastic core liner. The length of the core in each section and the core catcher sample are
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measured to the nearest centimeter; this information is logged into the shipboard
SampleMaster database program. After the cores have equilibrated to room temperature
(~3 hr) thermal conductivity measurements are performed and the cores are processed in
the Core Laboratory. As described in “2.3 Lithostratigraphy”, “2.4 Chronostratigraphy”, and
“2.5 Physical Properties” routine core processing included whole-round logging of core
sections and splitting into working and archive halves. Archive-half sections were then
imaged with the Section Half Image Logger (SHIL), logged with the Section Half Multisensor
Logger (SHMSL), and visually described for lithologic properties. The working halves were
sampled for shipboard analyses and in the case of the Quaternary diamict for personal
post-expedition research.
Close-up photographs (color and black and white) are taken of particular features
for illustrations in the summary chapter for each site, as requested by individual scientists.
After completing the description of the archive half and sampling of the working half, both
halves of the core were then wrapped in plastic wrap or shrink-wrapped, put into labeled
plastic tubes, sealed, and transferred to cold storage space aboard the ship. At the end of
the expedition, the cores and samples were transferred from the ship to refrigerated
containers and shipped hopefully to cold storage at an undisclosed location in the Kingdom
of Denmark.

2.2.6 Acronyms and Units
A list of commonly used acronyms and units is included in Appendix 2.2-AT1.
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2.3 Lithostratigraphy
This section outlines the procedures followed to document the basic sedimentology
of the deposits recovered during Expedition 344S (Baffin Bay Scientific Coring Program),
including core description, smear slide description, core imaging (SHIL), color
spectrophotometry, magnetic susceptibility (SHMSL), and X-ray diffraction (XRD) studies.
Only general procedures are outlined, except where they depart significantly from IODP
conventions.

2.3.1 Sediment Classification
2.3.1.1 Introduction
The sediments recovered during Expedition 344S are composed of biogenic and
siliciclastic components, and were described using a classification scheme derived from
those of IODP Expeditions 303, 318, and 339. The biogenic component is composed of the
skeletal debris of open-marine calcareous and siliceous microfauna (e.g., foraminifers and
radiolarians, respectively) and microflora (e.g., calcareous nannofossils and diatoms) and
associated organisms (dinoflagellates, pollen, and spores). The siliciclastic component is
composed of mineral and rock fragments derived from igneous, sedimentary, and
metamorphic rocks, and includes detrital carbonate. The relative proportions of these two
components are used to define the major classes of “granular” sediments in this scheme
(Fig. 2.3-F1).
The naming conventions follow the general guidelines of the ODP sediment
classification scheme (Mazzullo et al., 1988), with the exception that a separate “mixed
sediment” category was not distinguished during Expedition 344S. As a result, biogenic
sediments are those that contain >50% biogenic grains and <50% siliciclastic grains,
whereas siliciclastic sediments are those that contain >50% siliciclastic grains and <50%
biogenic grains. Sediments containing >50% silt- and sand-sized volcanic grains are
classified as ash layers.
Size divisions for all grains, both biogenic and siliciclastic, are those of Wentworth
(1922). The term “clay” is only used to describe particle size and is applied to both clay
minerals and all other grains <4 µm in size. Size-textural qualifiers were not used for
biogenic sediment names (e.g., nannofossil clay implies that the dominant component is
detrital clay rather than clay-sized nannofossils).
The lithologic names assigned to these sediments consist of a principal name and
modifiers based on composition and degree of lithification and/or texture as determined
from visual description of the cores and from smear slide observations. The total calcium
carbonate content of the sediments, determined on board (see section “2.6 Geochemistry”),
also aided in classification.
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Figure Methods 2.3-F1. Siliciclastic–biogenic carbonate–biogenic silica ternary diagram
used during Expedition 344S to name sediments by their composition.
2.3.1.2 Principal Lithologic Names
The principal lithologic name is assigned on the basis of the relative abundances of
pelagic biogenic and siliciclastic grains.
The principal name of a sediment/rock with <50% pelagic biogenic grains is based
on the grain-size characteristics of the siliciclastic fraction:


If the sediment/rock contains no gravel, then the principal name is
determined by the relative abundances of sand, silt, and clay-sized
particles of all compositions (Fig. 2.3-F2). This texture-based
classification scheme is more general than classification schemes used by
some other IODP Expeditions (e.g., Expedition 318), but was chosen
because it is difficult to accurately distinguish between some of the more
detailed categories (e.g., silty mud versus sandy mud) without more
detailed measurements of grain size abundances.
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If the sediment/rock contains siliciclastic gravel, then the principal name
is determined by the abundance of gravel and the sand/mud ratio of the
siliciclastic matrix (Fig. 2.3-F3). This scheme was modified after Moncrieff
(1989), in order to be consistent with the sand-silty-clay classification
scheme chosen for Expedition 344S.

Figure Methods 2.3-F2. Sand-silt-clay ternary diagram used during Expedition 334S for
textural names.
The principal name of a sediment/rock with >50% pelagic biogenic grains is “ooze”,
modified by the most abundant specific biogenic grain type that forms 50% or more of the
sediment/rock (e.g., if diatoms alone exceed 50%, then the sediment is classified as a
“diatom ooze”). If necessary, however, similar grain types were grouped together to exceed
the 50% abundance threshold (e.g., if a sediment contains 40% diatoms and 20% sponge
spicules, then the sediment is termed a “biosiliceous ooze”. If a sediment contains 40%
diatoms and 20% foraminifers, then the sediment is termed a “biogenic ooze”).
For a sediment that contains >90% of one component (either the siliciclastic
component or the biogenic component), only the principal name is used. For sediments
with >90% biogenic components, the name applied indicates the most limited group of
grains that exceed the 90% threshold value. For example, a sediment composed of >90%
calcareous nannofossils is called a nannofossil ooze, a sediment composed of 50%
foraminifers and 45% calcareous nannofossils is called a calcareous ooze, and a sediment
composed of 40% foraminifers, 40% calcareous nannofossils, and 15% diatoms is called a
biosiliceous calcareous ooze. For sediments with >50% siliciclastic grains, the principal
name is based on the textural characteristics of all sediment particles (both siliciclastic and
biogenic) (Fig. 2.3-F2).
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2.3.1.3 Modifiers of Lithologic Names
Major and minor modifiers can be applied to any of the principal granular
sediment/rock names. The use of major and minor modifiers follows the scheme of IODP
Expeditions 303 and 339:


Major modifiers are those components with abundances between 25%
and 50%, and are placed in front of the principal lithologic name (e.g.,
“sandy foraminifer ooze”).



Minor modifiers are those components with abundances of 10%–25%,
and are placed after the principal lithologic name as “with ___” (e.g.,
foraminifer ooze with clay”).



If possible, modifiers are assigned on the basis of the most abundant
specific grain type (e.g., “silty” or “with silt”).

Only the primary lithology for an interval of core is indicated in the Graphic
lithology column of the VCD sheets (Fig. 2.3-F4), using the lithologic pattern for that
primary lithology. These lithologic patterns are shown in Figure 2.3-F5A. If an interval of
core contains two interbedded lithologies, then the primary lithology for each is shown in
that interval on the VCD sheets. Neither major nor minor modifiers of sediment lithologies
are included in the Graphic lithology column.
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Figure Methods 2.3-F4. Example visual core description sheet, Expedition 344S.
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2.3.1.4 Lithification Descriptors
The following terms describe lithification that varies depending on the dominant
composition:


Sediments composed predominantly of calcareous, pelagic organisms
(e.g., calcareous nannofossils and foraminifers): the lithification terms
“ooze” and “chalk” reflect whether the sediment can be deformed with a
finger (ooze) or can be scratched easily by a fingernail (chalk);



Sediments composed predominantly of siliceous microfossils (diatoms,
radiolarians, and siliceous sponge spicules): the lithification terms “ooze”
and “radiolarite/spiculite/diatomite” reflect whether the sediment can be
deformed with a finger (ooze) or cannot be easily deformed manually
(radiolarite/spiculite/diatomite);



Sediments composed of a mixture of calcareous pelagic organisms and
siliceous microfossils and sediments composed of a mixture of siliceous
microfossils: the lithification terms “ooze” and “indurated sediment”
reflect whether the sediment can be deformed with a finger (ooze) or
cannot be easily deformed manually (indurated sediment);



Sediments composed predominantly of siliciclastic material: if the
sediment can be deformed easily with a finger, no lithification term is
added and the sediment is named for the dominant grain size (e.g., clay).
For more consolidated material, the lithification suffix “-stone” is
appended to the dominant size classification (e.g., claystone); and



Sediments composed of sand-sized volcaniclastic grains: if the sediment
can be deformed easily with a finger, the interval is described as “ash.”
For more consolidated material, the rock is called “tuff.”

2.3.2 Visual Core Description
2.3.2.1 Preparation for Core Description
The standard method of splitting a core of unlithified sediment by pulling a wire
lengthwise through its center tends to smear the cut surface and obscure fine details of
lithology and sedimentary structure. When necessary during Expedition 344S, the archive
halves of cores were gently scraped across, rather than along, the core section using a
stainless steel or glass scraper to prepare the surface for unobscured sedimentological
examination and digital imaging. Scraping parallel to bedding with a freshly cleaned tool
prevented cross-stratigraphic contamination.
2.3.2.2 Sediment Visual Core Description Sheets
VCD sheets provide a summary of the data obtained during shipboard analysis of
each sediment core. Detailed observations of each section were initially recorded by hand
on paper, adjacent to the printed scanned image of that section. Copies of these original
descriptions were scanned and converted to PDF files and are included in “Appendices”
2.3-6
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This information was subsequently entered into the DESClogik software, which
provides data that can be used in Strater to generate a simplified, annotated graphical
description (VCD) for each core (Fig. 2.3-F4). Site, hole, and depth (in meters below
seafloor [mbsf], which is equivalent to the IODP CSF-A depth scale) are given at the top of
the VCD sheet, with the corresponding depths of core sections along the left margin.
Columns on the VCD sheets include Lithologic unit, Graphic lithology, Coring disturbance,
Average grain size, Sedimentary structures, Lithological accessories, Microfossils,
Bioturbation intensity, Age, and Color. Measured profiles of magnetic susceptibility and
natural gamma radiation are also included. These columns are discussed in more detail
below.
Graphic Lithology
Lithologies of the core intervals recovered are represented on the VCDs by graphic
patterns in the Graphic lithology column, using the symbols illustrated in Figure 2.3-F5A. A
maximum of two different lithologies (for interbedded sediments) can be represented
within the same core interval. The primary lithology is shown by a pattern along the left
side of the column; if no interbeds are present, this pattern extends across the entire
column. If present, a secondary lithology present as interbeds within the primary lithology
is shown by a pattern along the right side of the column, with a solid vertical line dividing
the primary and secondary lithologies. Lithologic abundances are rounded to the nearest
10%; lithologies that constitute <10% of the core are generally not shown but are listed in
the Description section. However, some distinctive secondary lithologies, such as ash
layers, are included graphically in the Graphic lithology column as the primary lithology for
a thin stratigraphic interval. Relative abundances of lithologies reported in this way are
useful for general characterization of the sediment but do not constitute precise,
quantitative observations.
Clast Abundance and Characteristics
The abundance of gravel-sized clasts (all clasts > 2mm in diameter) was counted or
estimated per section (1.5 m) of core and recorded in DESClogik. The following
terminology was used to describe the abundance of clasts observed during visual core
description:
Barren = none observed per section of core.
Present = 1 observed per section of core.
Rare = 2–10 observed per section of core.
Few = 10–20 observed per section of core.
Common = 20–50 observed per section of core.
Abundant = >50 observed per section of core.
In intervals of abundant larger clasts (pebble size and larger; >4 mm in diameter),
clast compositions also were noted.
2.3-7
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Figure Methods 2.3-F5A. Graphic keys, Expedition 344S lithology patterns.
Bioturbation
Seven levels of bioturbation are recognized using the scheme similar to that of Bann
et al. (2008). Bioturbation intensity is classified as complete (100%), abundant (>60%),
common (40%–60%), moderate (20-40%), uncommon (10%–20%), sparse (1-10%), and
absent (none). These levels are illustrated with a numeric scale in the Bioturbation
intensity column, with a ranking of 6 representing complete bioturbation and a ranking of
0 representing the absence of bioturbation.
Stratification and Sedimentary Structures
The locations and types of stratification and sedimentary structures visible on the
prepared surfaces of the split cores are shown in the Sedimentary structures column of the
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VCD. Symbols in this column indicate the locations and scales of interstratification, as well
as the locations of individual bedding features and any other sedimentary features, such as
scours, ash layers, ripple laminations, and fining-upward or coarsening-upward intervals
(Fig. 2.3-F5B).
For Expedition 344S, the following terminology (based on Stow, 2005) was used to
describe the scale of stratification:
Thin lamina = <0.3 cm thick.
Medium lamina = 0.3–0.6 cm thick.
Thick lamina = 0.6–1 cm thick.
Very thin bed = 1–3 cm thick.
Thin bed = 3–10 cm thick.
Medium bed = 10–30 cm thick.
Thick bed = 30–100 cm thick.
Very thick bed = >100 cm thick.
Lithological Accessories
Lithologic, diagenetic, and paleontological accessories, such as nodules, sulfides, and
shells, are indicated on the VCDs. The symbols used to designate these features found in
Expedition 344S sediments are shown in Figure 2.3-F5B.
For Expedition 344S, the following terminology was used to describe the abundance
of lithologic accessories observed during visual core description:
Barren = none observed per section of core.
Present = 1 observed per section of core.
Rare = 2–10 observed per section of core.
Few = 10–20 observed per section of core.
Common = 20–50 observed per section of core.
Abundant = >50 observed per section of core.
Sediment Disturbance
Drilling-related sediment disturbance is recorded in the Disturbance column using
the symbols shown in Figure 2.3-F5B. The style of drilling disturbance is described for soft
and firm sediments using the following terms:
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Fall-in: out-of-place material at the top of a core has fallen downhole onto
the cored surface.



Bowed: bedding contacts are slightly to moderately deformed but still
subhorizontal and continuous.



Flow-in, coring/drilling slurry, along-core gravel/sand contamination:
soft-sediment stretching and/or compressional shearing structures are
severe and are attributed to coring/drilling. The particular type of
deformation may also be noted (e.g., flow-in, gas expansion, etc.).
Soupy or mousselike: intervals are water saturated and have lost all
aspects of original bedding.




Biscuited: sediments of intermediate stiffness show vertical variations in
the degree of disturbance. Softer intervals are washed and/or soupy,
whereas firmer intervals are relatively undisturbed.



Cracked or fractured: firm sediments are broken but not displaced or
rotated significantly.



Fragmented or brecciated: firm sediments are pervasively broken and
may be displaced or rotated.

Shipboard Samples
Sample material taken for shipboard sedimentological and chemical analyses
consisted of micropaleontology samples, smear slides, and discrete samples for XRD and
carbonate analysis. Typically, 1–2 smear slides were made per core. A micropaleontology
sample was obtained from the core catcher of most cores, so that core is missing from
those intervals. XRD samples were taken as needed to characterize general sediment
composition, and to investigate unusual lithologies. The relative abundances of
sedimentary components, as estimated from smear slides, were recorded in DESClogik.
Color
Color is determined qualitatively using Munsell Soil Color Charts (Munsell Color
Company, Inc., 1994) and described immediately after cores are split to avoid color
changes associated with drying and redox reactions. When portions of the split core surface
required cleaning with a stainless steel or glass scraper, this was done prior to determining
the color. Munsell color names and the corresponding hue, value, and chroma data are
provided in the Color column on the VCD.
Remarks
The written description for each core contains a brief overview of primary and
secondary lithologies present, as well as notable features such as sedimentary structures
and disturbances resulting from the coring process.
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Figure Methods 2.3-F5B. Graphic keys, Expedition 344S symbols for sedimentary
structures, bedding, and bioturbation

2.3.3 Smear Slides
Smear slide samples were taken from the archive halves during core description.
For each sample, a small amount of sediment was removed with a wooden toothpick,
dispersed evenly in deionized water on a 25 mm  75 mm glass slide, and dried on a hot
plate at a low setting. A drop of mounting medium and a 22 mm  30 mm cover glass were
added, and the slide was placed in an ultraviolet light box for ~15 min. Once fixed, each
slide was scanned at 100–200 with a transmitted light petrographic microscope using an
eyepiece micrometer to assess grain-size distributions in clay (<4 µm), silt (4–63 µm), and
sand (>63 µm) fractions. The eyepiece micrometer was calibrated once for each
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magnification and combination of ocular and objective, using an inscribed stage
micrometer.
Relative proportions of each grain size and type were estimated by microscopic
examination. Note that smear slide analyses tend to underestimate the abundance of sandsized and larger grains (e.g., foraminifers, radiolarians, and siliciclastic sand) because these
are difficult to incorporate into the smear. Clay-sized biosilica, being transparent and
isotropic, is also very difficult to quantify. Clay minerals, micrite, and nannofossils can also
be difficult to distinguish at the very finest (less than ~4 µm) size range. After scanning for
grain-size distribution, several fields were examined at 200–500 for mineralogical and
microfossil identification. Standard petrographic techniques were employed to identify the
commonly occurring minerals and biogenic groups, as well as important accessory
minerals and microfossils.
Smear slide analysis data were entered into DESClogik. These entries include
information about the sample location, description of where the smear slide was taken, the
estimated percentages of texture (i.e., sand, silt, and clay), and the estimated percentages of
composition (i.e., ash, siliciclastics, detrital carbonate, biogenic carbonate, and biogenic
silica). Relative abundances of identified components such as mineral grains, microfossils,
and biogenic fragments were assigned on a semiquantitative basis using the following
abbreviations:
A = abundant (>20% of field of view).
C = common (>5%–20% of field of view)
F = few (1%–5% of field of view)
R = rare (<1% field of view)
P = present (1 per 1–10 fields of view)
B = barren (none in field of view).

2.3.4 Section-Half Multisensor Logger
Spectrophotometry and magnetic susceptibility of the archive-section halves were
measured with a Section-Half Multisensor Logger (SHML). The SHMSL takes measurements
in empty intervals and intervals where the core surface is well below the level of the core
liner but cannot recognize relatively small cracks, disturbed areas of core, or plastic section
dividers. Thus, SHMSL data may contain spurious measurements, which should be edited
out of the data set by the user. Additional detailed information about measurement and
interpretation of spectral data can be found in Balsam et al. (1997, 1998) and Balsam and
Damuth (2000).
2.3.4.1 Spectrophotometry
Reflectance of visible light from the archive halves of sediment cores was measured
using an Ocean Optics USB4000 spectrophotometer mounted on the automated SHMSL.
Freshly split soft cores were covered with clear plastic wrap and placed on the SHMSL.
Measurements were taken at a 2.5 cm spacing in both the “Quaternary” and “pre2.3-12
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Quaternary” sections recovered during Expedition 344S. Each measurement was recorded
in 2 nm wide spectral bands from 400 to 900 nm.
2.3.4.2 Magnetic susceptibility
Magnetic susceptibility was measured with a Bartington Instruments MS2E point
sensor (high-resolution surface-scanning sensor) on the SHMSL. Because the SHMSL
demands flush contact between the magnetic susceptibility point sensor and the split core,
measurements were made on the archive halves of split cores that were covered with clear
plastic wrap. Measurements were taken at 2.5 cm spacing in both the “Quaternary” and the
“pre-Quaternary” intervals. Measurement resolution was 1.0 SI, and each measurement
integrated a volume of 10.5 mm  3.8 mm  4 mm (where 10.5 mm = length perpendicular
to the core axis, 3.8 mm = width along the core axis, 4 mm = depth into the core). Five
measurements were taken at each measurement position.

2.3.5 X-ray diffraction analysis
Samples for XRD analyses were selected from the working half of the core. Each 5
cm3 sample was taken based on visual core observations (e.g., color variability and visual
changes in lithology and texture) and smear slides. Samples analyzed for bulk mineralogy
were freeze-dried in the case of unlithified samples and ground by hand or in an agate ball
mill, as necessary. Prepared samples were top-mounted onto a sample holder and analyzed
using a Bruker D-4 Endeavor diffractometer mounted with a Vantec-1 detector using
nickel-filtered CuKα radiation. The standard locked coupled scan was as follows:
Voltage = 37 kV.
Current = 40 mA.
Goniometer scan = 4°–70°2θ.
Step size = 0.0174°2θ.
Scan speed = 1 s/step.
Divergence slit = 0.3 mm.
Shipboard results yielded only semi-quantitative results on the relative occurrences
and abundances of the most common mineralogical components. Approximate abundances
are based on peak intensities expressed as a percentage of the sum of all primary peak
intensities. These percentages were qualified as follows: A (abundant) = >30%, C
(common) = 30-10%, F (few) = 10-3 %, R (rare) <3%.
Diffractograms of bulk samples were evaluated with the aid of the Bruker
DiffracPlus software package, which allowed for mineral identification and basic peak
characterization (e.g., base line removal and maximum peak intensity). Files were created
that contained d values, diffraction angles, and peak intensities with background removed.
These files were scanned by a computer program to find d spacings characteristic of a
limited range of minerals that were expected to be present in the sediments, and that had
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peaks with little or no interference from other minerals expected to be present (Table 2.3T1) (Cook et al., 1975; Flood, 1978; Shipboard Scientific Party, 1995). In these samples, the
naturally occurring quartz or calcite were used as an internal standard to evaluate peak
shift.
Table Methods 2.3-T1. Diagnostic d-spacings used to identify minerals on x-ray
diffractograms.

Peak intensities were reported for each mineral identified, in an effort to provide a
semiquantitative measure of mineral variations downhole and between sites. Secondary
diffraction peaks were checked to confirm the mineral identifications for some samples,
but not all sample identifications were checked to be sure that there were no false
identifications. Thus, if the peak of a rare mineral fell within the detection window of a
mineral to be identified, then the identification of the mineral will be wrong. Also, on
occasion there were peaks on the XRD patterns that did not match the minerals being
searched, but the materials responsible for those peaks have not yet been identified. Digital
files with the diffraction patterns are included in the “Appendix”.
Clay minerals were also of interest to this study, and clay mineral analyses were
used in two ways during Expedition 344S. First the clay minerals chlorite, illite, and
kaolinite have identifiable diffraction peaks. We confirmed the presence of smectite and/or
smectite-bearing mixed layer clays by glycolating the bulk sample and rescanning the
sample to evaluate peak expansion from ~14 to ~17 Å.
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For selected samples, clay materials were separated from the coarser sediments and
scanned separately. The separated clay material was scanned before treatment, subjected
to ethylene glycol treatment, and then scanned again to allow additional analysis of the clay
mineral fraction. We did not interpret these later analyses in terms of clay mineral
percentages, but instead the X-ray diffractograms for both the untreated and treated
samples are shown to allow a qualitative evaluation of the nature of the clay mineral
assemblage. The digital diffraction patterns are included in the “Appendix”.
The clay separation method is described in the X-Ray Diffractometer User Guide
onboard the JOIDES Resolution as follows.
1. Bulk sample (1 cm3; fresh, not freeze dried) sediment was mixed with 1%
borax solution (total of 30 mL of solution). The sample/borax solution was
placed in a dismembrator for 2 min.
2. The sample/borax solution was centrifuged at 1500 rpm for 5 min to remove
the particle size fraction >2 µm.
3. The sample/borax solution was decanted into a new centrifuge tube and
spun at 1500 rpm for 15 min to remove the remaining ~2 µm particle size
fraction.
4. The sample/borax solution was decanted and the remaining clay residue
washed with distilled water.
5. The distilled water and clay residue was centrifuged at 1500 rpm for 15 min
to help remove any borax from the clay residue. These last two steps were
repeated.
6. An oriented clay mount was made on a zero-background single-crystal
quartz disk by placing several drops of solution onto the quartz disk and
allowing it to dry in the dessicator.
7. The quartz disk with the clay material was placed in a sample holder and was
scanned using the same settings as for the bulk samples, except that the
scanning range was 4°–35°2θ.
8. 2.3.6 Digital Color Imaging
The archive half of each core was placed in the Section Half Imaging Logger (SHIL).
The high-resolution digital core images were used to generate high-resolution digital
images that aided in core description. The SHIL collects digital images with three line-scan
charge-coupled device arrays (2048 pixels each) behind an interference filter to create
three channels (red, green, and blue). The image resolution is fixed at 20 lines at 500 dpi,
and image acquisition was controlled by a 2 nm encoder. A constant aperture setting of
f/22 was used. The SHIL system was calibrated with a white, mid-gray, and dark-gray color
chip (QPCard 101) placed at the top of each section and was routinely replaced prior to
each site. A microscanner was used to identify samples, and the software-generated digital
label was appended to the image.
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For each section, scanned output from the SHIL included an ROI file of the original
data with links to the TIFF file and an enhanced, uncropped JPEG file. A manually cropped
.JPEG image was generated to assist in visual core description. Postprocessing of data
included color balance (performed by the Imaging Specialist) and the construction of a
composite JPEG image of each core.
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2.4 Chronostratigraphy
2.4.1 Introduction
Preliminary age assignments were based on biostratigraphic analyses of calcareous
nannofossils, foraminifera, diatoms, dinoflagellate cysts, pollen, and spores. Magnetic
polarity zones (magnetozones) were assigned based mainly on changes in inclinations. The
biostratigraphy and magnetostratigraphy are tied to the geomagnetic polarity timescale
(GPTS) of Gradstein et al. (2012) (Fig. 2.4-F1). Ages of events for calcareous nannofossils,
foraminifera, and geomagnetic polarity chrons are given in Appendix Tables 2.4-AT1, -AT2,
and -AT3.

2.4.2 Biostratigraphy
2.4.2.1 Calcareous Nannofossils
Calcareous Nannofossil Zonal Scheme and Taxonomy
The Cenozoic calcareous nannofossil assemblages were primarily tied to the
zonation scheme of Martini (1971), zonal codes NP and NN, and secondarily to additional
biohorizons within each zone. The zonal scheme of Burnett (1998), zone code UC, was used
for Late Cretaceous calcareous nannofossil assemblages. The zonal scheme and biohorizons
are based on the Gradstein et al. (2012) timescale and shown in Fig. 2.4-F1. Age estimates
presented are based on Gradstein et al. (2012), with several secondary nannofossil marker
taxa that we have calibrated to the timescale. Ages and references are provided in
Appendix Table 2.4-AT1. Taxonomic concepts for the definition of species are those given
in Perch-Nielsen (1985) and Bown (1998), where full taxonomic lists can be found.
Methods of Study for Calcareous Nannofossils
Age assessments were made during the expedition by examining at least one sample
per 9.5 m core. Additional samples were taken from calcareous lithologies to refine age
estimates as time permitted. Samples were prepared using standard smear-slide or strewnslide techniques (e.g., Bown and Young, 1998), and examined on a Zeiss Axiophot light
microscope using cross-polarized and plain-transmitted light. Abundance estimates were
done at 1000×, with lower magnifications used to scan for rare taxa. Qualitative assessment
of calcareous nannofossil preservation was recorded as follows:
G = good (little or no evidence of dissolution and/or overgrowth, primary
morphological characteristics only slightly altered, and specimens are identifiable to the
species level).
M = moderate (specimens exhibit some etching or recrystallization, primary
morphological characteristics somewhat altered, but most specimens are identifiable to
species level).
2.4-1
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P = poor (specimens severely etched or overgrown, primary morphological
characteristics significantly altered, specimens may be largely fragmented and many
specimens are unidentifiable at the species and/or generic level).
A qualitative assessment of the total abundance of calcareous nannofossils within
the sediment was estimated as follows:
D = dominant (>90% of sediment particles).
A = abundant (>50%–90% of sediment particles).
C = common (>10%–50% of sediment particles).
F = few (1%–10% of sediment particles).
R = rare (<1% of sediment particles).
VR = very rare (<0.01% of sediment particles).
B = barren (no specimens).
The abundance of individual species for each sample was estimated as follows:
V = very abundant (>50 specimens per field of view).
A = abundant (11 to 50 specimens per field of view).
C = common (1 to 10 specimens per field of view).
Fr = frequent (1 specimen per 2 to 10 fields of view).
F = few (1 specimen per 11 to 50 fields of view).
R = rare (1 specimen per 51 to 200 fields of view).
VR = very rare (1 specimen per more than 200 fields of view).
? = questionable (questionable specimen of that taxon).
* = reworked (reworked occurrence of that taxon).
2.4.2.2 Foraminifera
Samples from Expedition 344S were analyzed primarily for planktonic foraminifera
due to their more rapid speciation and greater utility as index fossils over benthic
foraminifera. They are therefore emphasized in this section; however, when benthic
foraminifera occur in samples it is so noted, as well as with any associated stratigraphic
significance.
Planktonic Foraminifera Zonal Scheme and Taxonomy
Here, the primary planktonic datums of Wade et al. (2011) (modified from Berggren
et al., 1985) were used because these datums can be directly correlated with calcareous
nannofossil zonations and the geomagnetic polarity time scale. However, for the late
Neogene, modification of datums as per Aksu and Kaminski (1989) were applied due to
diachroneity in the North Atlantic as discussed in Weaver and Clement (1986). Index
species Neogloboquadrina pachyderma (sinistral [s]) in Ocean Drilling Program (ODP) Hole
646B had its Lowest Occurrence (LO) at 2.4 Ma, coincident with the Highest Common
Occurrence (HCO) of Neogloboquadrina atlantica that has its LO and Highest Occurrence
(HO) at 3.8 Ma and 2.0 Ma, respectively. Neogloboquadrina pachyderma (s) has its Lowest
Common Occurrence (LCO) at 2.0 Ma, coincident with the LCO of Globorotalia inflata.
2.4-2
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Globorotalia puncticulata has its LO at 4.3 Ma and HO at 3.8 Ma. Globorotalia margaritae
has its LO at 5.6 Ma and HO at 4.2 Ma. This has been further revised based on Kucera and
Kennett (2002), who place the LO of N. pachyderma compact-sinistral within the Jaramillo
based on its occurrence in the North Pacific and Atlantic. The informal planktonic
biostratigraphic zonations for the Rockall Plateau of Huddlestun (1984) were also
considered. The ages of magnetostratigraphic units, epoch boundaries, and planktonic
foraminifera datums used throughout this study are after Gradstein et al. (2012) and
shown in Figure 2.4-F1 and Appendix Table 2.4-AT2.
Methods of Study for Foraminifera
Core-catcher samples and one or two additional samples per section, where
appropriate, were examined for foraminifera. Samples were disaggregated in a 1% Borax
solution and wet sieved through a 63-µm screen. The wet residues were initially examined
for foraminifera before drying to determine presence/absence, and then the >63-µm
fractions were oven-dried. Exceptionally indurated samples were either boiled for one
minute to aid in their disaggregation, or subjected to the freeze-thaw procedure as per
Remin et al. (2012) before drying and sieving. Organic-rich samples were treated with 10%
hydrogen peroxide before sieving to aid in their disaggregation. The dried >63-µm residue
was sprinkled on a 45-square micropaleontological tray and examined on a Zeiss V8
Stereomicroscope using plain-reflected light. Taxonomic concepts adopted for the Neogene
are primarily those species definitions of Kennett and Srinivasan (1983) and Bolli and
Saunders (1985). Taxonomic concepts adopted for the Paleogene are primarily those
species definitions of Pearson et al. (2006). Taxonomic concepts adopted for the
Cretaceous are primarily those species definitions of Caron (1985).
Foraminifera Abundance and Preservation Estimates
The total abundance of planktonic foraminifera in the whole sample was estimated
as follows:
R = rare (<5% of the total sieved residue).
F = few (5–25% of the total sieved residue).
C = common (25–50% of the total sieved residue).
A = abundant (>50% of the total sieved residue).
All planktonic foraminifera on at least one transect (nine squares on the tray) were
identified and counted, with total counts not exceeding 150 specimens. Individual species
abundances were converted to percentages of the total planktonic foraminifera and
displayed as:
D = dominant (>30% within PF assemblage).
A = abundant (10% to 30% within PF assemblage.)
F = few (5% to <10% within PF assemblage).
R = rare (1% to <5% within PF assemblage).
P = present (<1% within PF assemblage).
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The condition of planktonic foraminifera was estimated from samples strewn on a
picking tray and their preservation noted as follows:
G = good (most specimens, including fine structures, complete).
M = moderate (minor dissolution and/or breakage).
P = poor (common dissolution and/or breakage).
In several samples where the total abundance of planktonic foraminifera was rare to
few and species diversity was low, the abundances of individual species were described as
common or abundant, even though only a few specimens of that particular species were
observed in the sample.
2.4.2.3 Diatoms
Diatom Zonal Scheme and Taxonomy
For the Neogene the zonal scheme of Koç and Scherer (1996) was used with
additional modification from Koç et al. (1999) (Fig. 2.4-F1). For the Paleogene the
Norwegian-Greenland Sea-based scheme of Fenner (1985) was used, which is a
combination of the schemes of Schrader and Fenner (1976) and Dzinoridze et al. (1978);
this is supplemented by the Late Paleogene scheme of Scherer and Koç (1996). The
Oligocene Labrador Sea zonation of Baldauf and Monjanel (1989) was also utilized. For the
Late Cretaceous the schemes of Tapia and Harwood (2002) and Witkowski et al. (2011)
were used.
Methods of Study for Diatoms
Diatoms, silicoflagellates, ebridians, chrysophyte cysts, and sponge spicules were
analyzed from smear slides mounted with Norland Optical Adhesive 61 (refractive index =
1.56). When time permitted samples with rare to common overall abundance of siliceous
microfossils were either disaggregated in distilled water or processed with hydrogen
peroxide and/or 10% hydrochloric acid. Strewn slides were prepared from these samples,
and when necessary, the cleaned material was also sieved at >15 μm to improve viewing.
Species identification was carried out with a Zeiss Axioplan microscope using brightfield
illumination at 500×, 630× (oil), and 1000× (oil) magnification. The counting method of
Schrader and Gersonde (1978) was utilized.
At least two traverses of a 22-mm coverslip were examined (one traverse = 55 fields
of view at 630× magnification). An additional scan at 500× was also undertaken to look for
age-diagnostic taxa not identified in two traverses. Where necessary, taxonomic
identification was aided by strewn slide examination at 1000× magnification.
Diatom abundance and preservation
Abundance of individual taxa was quantified by a count tallied over two 22-mm
traverses of a smear slide. Qualitative siliceous microfossil group abundances were also
determined from smear slides only and categorized as follows, using 630× magnification:
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A = abundant (>10 valves per field of view).
C = common (≥ 1–10 valves per field of view).
F = few (≥1 valve every 10 fields of view and <1 valve per field of view).
R = rare (≥3 valves per traverse and <1 valve per 10 fields of view).
X = trace (<3 valves per traverse including fragments).
B = barren (no valves or fragments observed).
? = questionable/uncertain identification.
Preservation of individual siliceous microfossil groups was determined qualitatively and
reported in terms of both fragmentation and dissolution/recrystallization as follows:
Dissolution:
G = good preservation (little or no evidence of dissolution and/or recrystallization;
primary morphological characteristics only slightly altered; specimens were identifiable to
the species level).
M = moderate preservation (specimens exhibit some etching and/or
recrystallization; primary morphological characteristics somewhat altered; however, most
specimens were identifiable to the species level).
P = poor preservation (specimens were severely etched or overgrown; primary
morphological characteristics largely destroyed; specimens often could not be identified at
the species and/or generic level).
Fragmentation:
G = good preservation (little or no evidence of fragmentation; specimens were
identifiable to the species level).
M = moderate preservation (specimens exhibit some fragmentation; primary
morphological characteristics somewhat obscured/lost, however, most specimens were
identifiable to the species level).
P = poor preservation (specimens were severely fragmented; primary
morphological characteristics largely destroyed; specimens often could not be identified at
the species and/or generic level).
2.4.2.4 Dinoflagellates
Dinoflagellate Zonal Scheme and Taxonomy
The Cretaceous to Neogene dinoflagellate assemblages were primarily tied to the
Late Cretaceous–Neogene dinocyst index events scheme of Williams et al. (2004)
correlated to the Gradstein et al. (2012) timescale (Fig. 2.4-F1). When possible they were
correlated to the Late Cretaceous–Neogene biostratigraphic event-stratigraphic scheme
(based on dinoflagellates, foraminifera, nannofossils, spores, pollen and other algae)
established for the Scotian Margin, offshore eastern Canada by Fensome et al. (2008a) and
the Cretaceous and Paleogene zonations established by Nøhr-Hansen (1993, 1996, 2003)
for East and West Greenland and offshore West Greenland (Fig. 2.4-F1). Taxonomic
concepts for the dinoflagellates are those given in Fensome and Williams (2004) and the
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www.palynology.org/dinoflag2, Version 1 updated by Fensome et al. (2008b), where full
taxonomic lists and references can be found.
Methods of Study for Dinoflagellates
Age assessments were made during the expedition by examining at least one sample
every second 9.5 m core (core-catcher samples and or additional samples, depending on
lithology). Additional samples were taken to refine age estimates as time permitted.
Palynomorphs were extracted from 5 g of sediment from each sample by modified
standard preparation techniques including treatment with hydrochloric (HCl) and
hydrofluoric (HF) acids, sieving using a 30-μm nylon mesh and oxidation (3–10 min) with
concentrated nitric acid (HNO3), often followed by washing with a weak potassium
hydroxide solution (KOH). To speed up processing most organic-rich samples were
processed with HNO3 and KOH only. In most samples, palynomorphs were separated from
coal particles and woody material by swirling. The size limit on HF centrifuge tubes and
limited amount of time for processing hampered extraction of palynomorphs from sandy
sediments. Processing of larger amounts of sandy sediment could yield age-diagnostic taxa.
Organic residues were mounted using Norland Optical Adhesive 61 or in glycerine
jelly. The palynological slides were studied with transmitted light using a Zeiss Axioskop
light microscope using plain-transmitted light. Dinoflagellates, acritarchs, and selected
stratigraphically important spores and pollen (miospores) species were recorded from the
sieved, oxidized, swirled, or gravity-separated slides. Approximately 100 specimens were
counted whenever possible, with further scanning for rare species when time permitted.
Dinoflagellate cyst preservation was recorded as follows:
G = good (very little or no evidence of influence by thermal alteration and/or
mechanical degradation, primary morphological characteristics only slightly altered, and
specimens are identifiable to the species level).
M = moderate (specimens exhibit some evidence of influence by thermal alteration
and/or mechanical degradation, primary morphological characteristics somewhat altered,
but most specimens are identifiable to generic or species level).
P = poor (specimens severely influenced by thermal alteration and/or mechanical
degradation, primary morphological characteristics significantly altered, specimens may be
largely fragmented and many specimens are unidentifiable at the species and/or generic
level).
The abundance of individual species for each sample (when sufficient material was
available) was estimated as follows:
D = dominant (>50 specimens within the count of 100 specimens in one slide).
A = abundant (25 to 49 within the count of 100 specimens in one slide).
C = common (10 to 24 specimens within the count of 100 specimens in one slide).
Fr = frequent (5 to 9 specimen within the count of 100 specimens in one slide).
F = few (2 to 4 specimens within or after the count of 100 specimens in one slide).
R = rare (1 specimen within or after the count of 100 specimens in one slide).
? = questionable (questionable specimen of that taxon).
FR = few reworked (few reworked occurrences of that taxon).
RR = rare reworked (rare reworked occurrences of that taxon
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Thermal maturity
The thermal maturity of selected organic-rich samples has been visually evaluated
based on spore color from non-oxidized material and compared with the “pollen/spore
standard” (Pearson, 1984), giving a thermal alteration index (TAI) value.
2.4.2.5 Pollen and Spores
Pollen and Spores Zonal Scheme and Taxonomy
The pollen and spore assemblages were primarily correlated with palynological
events given in Traverse (1988), Burden and Langille (1991), and Norris (1997), with
additional events from Doyle and Robbins (1977), Tschudy and Tschudy (1986), Vijaya
(1999), and Dupont-Nivet et al. (2008). As these events are not as well-calibrated to the
geomagnetic polarity timescale as marine fossils, estimates for their absolute ages are used
to plot them on the timescale of Gradstein et al. (2012), which is illustrated in Figure 2.4F1. Taxonomic concepts for taxa are primarily from Traverse (1988).
Methods of Study for Pollen and Spores
Age assessments were made during the expedition by examining at least one sample
every second 9.5 m core (core-catcher samples and or additional samples, depending on
lithology.) Additional samples were taken to refine age estimates as time permitted. Pollen
and spores were extracted using standard palynological preparation techniques (e.g.,
Traverse, 1988; Faegri and Iversen, 1989). Hard-rock samples were crushed with a
hammer or a mortar and pestle. For all samples, maceration or fast-boiling methods were
used, depending on the samples and on weather conditions, as use of HF was only
permitted when weather conditions were favorable. Ten percent HCl was used to remove
carbonates and concentrated HF was used to dissolve silicates. For better disaggregation,
samples were boiled for a short time in 10% KOH if needed. For highly organic samples, the
residue was oxidized with HNO3 to remove fine organic detritus. For improved pollen
recognition, the residue was filtered with 100-µm and 10-µm filters. In some cases, the final
stage of treatment included acetolysis. For samples that contained coarse and fine mineral
fractions, slides of both non-oxidized organic residue and oxidized residue were prepared.
Two to six slides were prepared for each sample by pipetting the pollen residue in
water or in a water/ethanol solution onto a coverslip and then drying it on a warming
plate. Coverslips were affixed to glass microscope slides using Norland Optical Adheisve 61.
The remainder of the residue was stored in small laboratory tubes in 96% ethanol.
Pollen and spores were examined under plain-transmitted light on a Zeiss Axioplan
microscope. The total abundance of pollen and spores was estimated using 100×
magnification, with identification of individual specimens done at 400×, 630×, and 1000×
magnification. Pollen and spore assemblages were documented by taking
photomicrographs of individual specimens with a SPOT RT3 camera system.
The qualitative assessment of the total abundance of pollen and spores within a
sample was estimated as follows:
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A = abundant (>6 specimens per field of view).
C = common (3–6 specimens per field of view).
F = few (1–2 specimen(s) per field of view).
R = rare (0–1 specimen per field of view).
X = trace (<1 specimen per field of view).
B = barren (no pollen or spores encountered in slide).
The abundance of individual taxa was estimated as follows:
A = abundant (>3 specimens per field of view).
C = common (1–3 specimens per field of view).
F = few (>3 specimens per slide).
R = rare (<3 specimens per slide).
X = trace (1–2 specimens per slide).
Qualitative assessment of pollen and spore preservation was estimated as follows:
G = good (no physical damage, crumbling, or crushed grains in the slide).
M = moderate (no more than one-third of the observed grains in the slide display
physical damage).
P = poor (more than half of the observed grains are damaged).
Palynomorph Coloration
The color of palynomorphs alters with thermal maturation, with the color
correlating to levels of organic thermal maturity (Traverse, 1988). More recent
investigations have shown that the color of fossil pollen can be measured by different
methods. Ujiié (2001) used brightness to establish a statistical thermal alteration index
(stTAI). More recently, a Palynomorph Darkness Index (PDI) has been proposed as a new
thermal maturity indicator (Goodhue and Clayton, 2010). In short, the color of the
palynomorphs is a good indicator for “identifying the threshold zone of intense oil
generation” (Ujiié, 2000, p. 127).
A significant characteristic of the palynomorphs encountered during Expedition
344S is their visibly different colors, which vary from light pale yellow (when the grains are
nearly transparent) to dark brown or nearly black. The color varies from sample to sample
and also among coring locations. Even one sample may contain grains of varying color. The
effect of treatment on coloration must be considered, as nitric acid or acetolysis can alter
the color of the grains, making them darker; however, under the same treatment, all grains
in a sample would darken to the same degree.
Under current shipboard conditions there are no capabilities for precise color
determination, as suggested by Ujiié (2001) or Goodhue and Clayton (2010); however, it
was possible to make a visible estimation that could later be used with the same samples to
develop a color scheme of organic maturation stages. For visual estimation, the color chart
of Pearson (1984) was used (Fig. 2.4-F2) to develop a qualitative scale for organic thermal
maturity (Table 2.4-T1). This scale uses estimates of the percentage of pollen (usually with
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pollen color indexes of 5 to 8) based on estimates of the percentage of pollen at 100× with a
particular color. Percentage categories are <30%, 30–50%, 50–70%, and >70%.
Table 2.4-T1. Qualitative scale for organic thermal maturity of palynomorphs.

Figure 2.4-F2. Scale of organic thermal maturity based on color of pollen and spores
(Pearson, 1984).
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2.4.3 Paleomagnetism
2.4.3.1 Samples, Instruments, and Measurements
Paleomagnetic studies during Expedition 344S focused mainly on measuring the
natural remanent magnetization (NRM) of archive-half sections before and after
alternating field (AF) demagnetization. We typically collected up to one discrete sample per
section from working-half sections for use in full AF demagnetization experiments. Samples
from soft sediments were collected by inserting a hollow extruder into the middle of the
split-core sections and then extruding the sediments into plastic cubes (2 cm × 2 cm × 2 cm,
with an internal volume of ~7 cm3) as described in Richter et al. (2007). Samples from
indurated, hard sedimentary rocks were cut with the diamond saw.
All remanence measurements were made using a 2G Enterprises Model-760R
superconducting rock magnetometer (SRM) equipped with direct-current superconducting
quantum interference devices (DC-SQUIDs) and an inline, automated AF demagnetizer
capable of reaching a peak field of 80 mT. The spatial resolution measured by the width at
half-height of the pickup coils response is <10 cm for all three axes, although they sense a
magnetization over a core length up to 30 cm. The magnetic moment noise level of the
cryogenic magnetometer is ~2 × 10–10 Am2. The practical noise level, however, is affected
by the magnetization of the core liner and the background magnetization of the
measurement tray, resulting in magnetizations of ~2 × 10–5 A/m that can be reliably
measured.
NRM measurements of the archive-half core sections were made at 5-cm interval
resolution along the split-core sections as well as over a 15-cm interval before and after the
sample passed the center of the pick-up coils of the SQUID sensors. These are referred to as
the leader and trailer measurements and serve the dual functions of monitoring the
background magnetic moment and allowing for future deconvolution analysis. Typically,
we measured NRM before any demagnetization and after 10 and 20 mT peak field AF
demagnetization. Because core flow (the analysis of one core after the other) through the
laboratory dictates the available time for measurements, which was ~2–3 hours per core
for Expedition 344S, we did not always have time for the optimal number of
demagnetization steps. If time permitted, selected core sections were demagnetized at 0,
10, 20, 25, 30, 35, 40, 45, and 50 mT for a more detailed paleomagnetic assessment.
During Expedition 344S, a suite of discrete samples, selected to characterize typical
intervals or to help determine poorly resolved magnetic polarity, was subjected to
progressive AF demagnetization and measured at 5 mT steps to 40 mT and then in 10 mT
steps to a peak field of 60 mT. This was done to determine whether a characteristic
remanent magnetization (ChRM) could be resolved and, if so, what level of
demagnetization was required to resolve it.
Low-field magnetic susceptibility was measured on whole-core sections using the
Whole-Round Multisensor Logger (WRMSL) and on archive-half core sections using the
Section-Half Multisensor Logger (SHMSL) (see section 2.5 “Physical Properties”). The
WRMSL is equipped with the Bartington Instruments MS2C sensor with an 88-mm coil
diameter and has a nominal resolution of ~2 × 10–6 SI (Blum, 1997). The “units” option for
the meter was set on SI units, and the values were stored in the database in raw meter
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units. To convert to true SI volume susceptibilities, these should be multiplied by ~0.68 ×
10–5 (Blum, 1997). The SHMSL is equipped with a Bartington Instruments MS2E point
sensor that measures the susceptibility of an integrated volume of about 10.5 mm × 3.8 mm
× 4 mm, where 10.5 mm is the length perpendicular to the core axis, 3.8 mm is the width in
the core axis, and 4 mm is the depth). Magnetic susceptibility is measured typically at 2.5cm resolution for the whole core sections, and at the same resolution for the split-core
sections.
2.4.3.2 Magnetostratigraphy
Magnetic polarity zones (magnetozones) were assigned based mainly on changes in
inclinations, which is sufficiently steep (>80°) at the latitudes of Expedition 344S sites to
determine magnetic polarity in RCB cores that lack horizontal orientation. Inclination
values of NRM after 20 mT peak field AF demagnetization were routinely used for the
determination of magnetozones during Expedition 344S. Magnetostratigraphy for each site
was then constructed by correlating the magnetozones with the GPTS (Fig. 2.4-F1;
Appendix Table 2.4-AT3). Biostratigraphic age constraints significantly limit the range of
possible correlations of the magnetozones with the GPTS. The GPTS used during Expedition
344S is based upon the timescale of Gradstein et al. (2012).
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2.5 Physical Properties
2.5.1 Overview
Physical properties measurements for Expedition 344S were made to characterize
fundamental properties of the core material recovered, including the bulk, dry, and grain
densities, P-wave velocity, magnetic susceptibility, natural gamma radiation (NGR), color
spectral reflectance, porosity, water content, and void ratio. These data were used during
the cruise to (1) assess seismic-wave travel times to improve estimates to drilling targets
through improving two-way travel time (TWT) vs. depth curves, (3) quantify the physical
properties of sediments from different lithostratigraphic units and lithofacies, which in
some cases assisted in differentiating these units, (4) aid in interpreting the
paleoenvironmental setting and subsequent diagenesis of the lithostratigraphic units, and
(5) facilitate correlation between core material, downhole geophysical data, and existing
seismic profiles.

2.5.2 Summary of Physical Properties Measurements
From a physical properties perspective we differentiate two different types of core
material: 1) unconsolidated “soft” sediment, which is mainly recovered by the advanced
piston corer (APC) and in some cases the extended core barrel (XCB), and 2) indurated
sediment recovered by XCB and rotary core barrel (RCB) coring. These dictate the type and
resolution of measurements that can be made. Nearly all coring during Expedition 344S
(with the exception of two XCB cores at Site U0110) was done using the RCB, and only a
few of these RCB cores were unconsolidated soft sediment. A summary of the core flow is
illustrated for both soft and indurated sediment in Figure 2.5-F1 and detailed in what
follows along with descriptions of the instrumentation and data handling. A comprehensive
review of shipboard physical properties measurement procedures can be found in Blum
(1997).
A core with full recovery is ~9.5 m in length, nominally yielding approximately six
1.5 m sections plus a shorter seventh section. During Exp. 344S, core recovery was typically
~50% or less using the RCB system; thus, each core run usually yielded significantly less
than 9.5 m of sediment. The indurated nature of most of the material cored during the
expedition meant that measurements of shear strength typically conducted with the pocket
penetrometer and mini shear vane could not be made. We attempted a number of
measurements with the penetrometer on the catwalk soon after core recovery; however, in
each case the shear strength of the sediment exceeded the limit of the instrument.
Once cores equilibrated to ambient laboratory temperature (nominally 20°C),
whole-core physical properties were measured using the Whole-Round Multisensor Logger
(WRMSL). These non-destructive measurements were performed on nearly all core
sections except a few short sections with poor recovery and the core catcher sections, since
they were usually too small for the resolution of the system. The WRMSL incorporates a
gamma-ray attenuation (GRA) meter for measuring bulk density, a compressional P-wave
logger (PWL), and a magnetic susceptibility (MS) loop sensor. Natural sediment gamma
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radiation was measured for all sections on a separate track using a natural gamma ray
(NGR) logger. The WRMSL provides a nearly continuous physical properties record;
however, the quality of the data is very dependent on the condition of the core and
recovery. For indurated material that did not completely fill its plastic liner, the PWL was
switched off because the poor acoustic coupling between the liner and the core material
made obtaining meaningful measurements impossible. This is particularly the case for RCB
cores since the diameter of the core is usually smaller than the diameter of the liner.
Thermal conductivity was not measured in the recovered cores due to lack of downhole
temperature measurements that would make this measurement useful for calculating heat
flow. Downhole temperature could not be measured because the temperature tools could
not penetrate the hard formations.
All cores were split into archive and working halves once WRMSL and NGR
measurements were completed. The archive half was subsequently scanned with the
Section-Half Multisensor Logger (SHMSL) to measure point magnetic susceptibility (MSP)
and color spectral reflectance (CSR).
Additional discrete compressional wave (P-wave, or Vp) velocity measurements
made on split-core working half sections using the GANTRY apparatus included
longitudinal and transverse compressional-wave velocity (soft and indurated sediment).
For sediment too soft to be cut with a rock saw (mostly Quaternary diamict), P-wave
velocities were measured at a frequency of one every other section using the PWS3
“caliper” system on the split face of the core and through the half liner. In general the signal
strength was poor and only a few measurements were of sufficient amplitude to be
included in this report.
For indurated sediments, small cubes (8 cm3) judged to be representative of the
main lithologies were cut at a frequency of one every 1–3 m of core recovered and P-wave
velocity measured in x, y, and z axes with the caliper. An acrylic standard (nominal velocity
2750 ± 25 m/s) was measured following each sample cube for quality control. When the
velocity of the standard fell outside this range the system was recalibrated. As an additional
quality assessment parameter, the amplitude of the sonic wave was recorded as this
proved useful for differentiate higher quality results from those of dubious quality. From
assessing multiple samples, particularly from the Site U0110 diamicts, we found that
results should be discarded when the sonic wave amplitude was <1.5 mV. The best results
were obtained when the amplitude has a value >6 mV.
Where possible the 8 cm3 samples used for discrete velocity measurements were
also processed for moisture and density (MAD). Where this was not possible, we collected
MAD samples adjacent to locations where velocity measurements were made. From these
measurements, we calculated derived properties (bulk density, dry density, grain density,
water content, void ratio, and porosity). Where possible we also coordinated our discrete
sampling with X-ray diffraction (XRD) and thin section sample collection (see section “2.3
Lithostratigraphy”) to provide the most comprehensive documentation of rock properties.
After measurements were completed, all raw physical properties data were
uploaded to the LIMS database. The data were visually double checked at the end of the
process on “Limspeak”, a graphical interface for the LIMS database. Subsequently GRA
density and pass-through magnetic susceptibility data were further processed to improve
data quality (procedures are outlined below).
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Figure 2.5-F1. Chart of physical properties core flow and measurements.
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2.5.3 Whole-Round Multisensor Logger (WRMSL) Measurements
GRA bulk density and magnetic susceptibility were measured nondestructively on
all whole-round core sections. Compressional wave (P-wave) velocity was measured in
sections undisturbed by gas expansion voids and cracks. To optimize WRMSL performance,
the same sampling spacing, typically 2.5 cm, was set for all sensors. Measurement time,
although somewhat different for each sensor, averaged ~5 s per data point, with three
repeat measurements of the magnetic susceptibility. With handling and data initializing, a
1.5 m long section took ~10 min to scan; thus, a 9.5 m core took ~1 h to pass through the
WRMSL.
2.5.3.1 Gamma Ray Attenuation Wet Bulk Density
The GRA device allows an estimation of wet bulk density (in g/cm3) by measuring
the attenuation of gamma rays passing through the cores, where the degree of attenuation
is proportional to density (Boyce, 1976; Gerland and Villinger, 1995). The shipboard
system comprises a 10 mCi 137Cs radioactive source with a gamma photopeak at 662 KeV.
The gamma rays pass through the core and are detected on the opposite side of the liner.
The Compton scattering experienced by the gamma rays attenuates their energy as they
pass through the core. The number of photons that travel through the core without
attenuation can be detected and used to calculate the bulk density of the sediment. The
instrument has a 3 mm collimator that focuses the area of incidence of the gamma ray
beam on the core center into a sodium iodide (NaI) scintillation gamma detector with an
integrated photomultiplier tube. The attenuation of the incident intensity (I0) is directly
related to the electron density in the sediment core of diameter D that can be related to
bulk density given the average attenuation coefficient (in micrometers) of the sediment
(Evans, 1965; Harms and Choquette, 1965). The GRA densitometer has a spatial resolution
of <1 cm.
Since the attenuation coefficient is similar for most common rock-forming minerals
and aluminum, bulk density is obtained through direct empirical calibration of the
densitometer using aluminum rods of four different diameters mounted in a core liner
filled with distilled water. This standard spans a range of densities from 1.00 to 2.55 g/cm3.
Typically a single core comprising up to seven sections and a distilled standard were logged
consecutively. The system was recalibrated at the start of each hole and whenever the
density of the distilled standard deviated by >2% from 1.0 g/cm3. Since GRA is affected by
both sediment bulk density and sediment thickness D, sections of core where diameter is
not accurately measured result in unreliable data. Typically this happens when the liner is
not completely filled due to cracks, voids, or undersized core, which results in spuriously
low density measurements. This is most problematic for RCB cores where the core
diameter is ~58 mm instead of the 66 mm internal diameter of the core liner. In this case
data were corrected by multiplying the system output by 66/58 = 1.138 (Jarrard and
Kerneklian, 2007). GRA data were further filtered with a MATLABTM routine programmed
for this expedition to remove poor quality data resulting from cracks and recovery gaps.
This routine compares two adjacent data and removes the lower of the two if that datum
has a density more than 5% lower than the other datum. This process is run sequentially
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down the data set and data are identified as outliers or not, with outliers culled only after
the end of the comparisons. This is a fairly extreme level of cleaning that is warranted given
the large number of cracks, voids, and intervals only sparsely filled with core. Tests showed
that the cleaning was successful at providing an “ultra” clean data set, with the removal of
most outliers at the expense of very few valid data. These clean data are presented in the
appendices of the scientific report for each site in addition to the raw data provided from
the LIMS database, for which there has been no culling.
2.5.3.2 Compressional P-wave Velocity
P-wave velocity varies with the material’s lithology, porosity, and bulk density, as
well as state of stress, temperature, fabric, age, mineralogy, gas content, organic matter, or
degree of fracturing. In sediment and rock, the degree of consolidation and lithification,
fracturing, and occurrence and abundance of free gas and gas hydrate control velocity.
Together with bulk density, velocity data are used to calculate acoustic impedance and
reflection coefficients to construct synthetic seismic profiles and to estimate the depth of
specific seismic horizons. Knowledge of velocity anisotropy is important with respect to
processing seismic data. This is particularly important if the location of the shot point and
recording geophone(s) are offset horizontally. Therefore, measurements of both the
vertical (z-axis) and horizontal (x, y) planes were taken whenever possible on the discrete
samples.
The P-wave velocity sensor measures the ultrasonic P-wave velocity of the wholeround sample residing in the core liner. The shipboard P-wave logger uses Olympus-NDT
Microscan delay line transducers, which transmit a 500 kHz P-wave pulse across the core
section at a specified repetition rate. Travel time is determined by signal processing
software that automatically detects the first arrival of the P-wave signal to a precision of 50
ns. Velocity is calculated after correcting for system propagation delay, liner thickness, and
liner material velocity. The system automatically takes the value of the peak of the first
arrival of the P-wave; however, 10,000 measurements of amplitude versus time of the
wave (i.e., a transmission seismogram) are recorded and averaged for the calculation of the
arrival time. The distance between transducers is measured with a built-in linear voltage
displacement transformer (LDVT).
The P-wave logger was only used for soft sediment cores (typically the first core(s)
at each site). This system was deactivated during processing of indurated sediments
recovered by RCB coring where the undersized nature of cores results in (1) an inability to
accurately measure sediment thickness (and hence calculate velocity), and (2) an
attenuated and slower P-wave signal resulting in poor quality data due to the void between
core and liner.
Calibration of this system was carried out at the start of each hole and when the
known velocity of a distilled water standard run with each core deviated by more than 2%
from its nominal value. Calibration comprises measurement of the thickness and P-wave
travel time of an acrylic cylinder (velocity 2750 ± 25 m/s) with different known diameters.
This simultaneously calibrates the displacement transducers and provides a measure of the
travel time of the P-wave associated with system electronics and the core liner for which
the core measurements are corrected.
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2.5.3.3 Magnetic Susceptibility
Magnetic susceptibility is a measure of the degree to which a material can be
magnetized by an external magnetic field. It provides information on the magnetic
composition of the sediment that commonly can be related to mineralogical composition
(e.g., terrigenous versus biogenic materials) and diagenetic overprinting. Magnetite and a
few other iron oxides with ferromagnetic characteristics have a specific magnetic
susceptibility several orders of magnitude higher than clay, which has paramagnetic
properties. Calcium/magnesium carbonate layers, opal, water, and plastic (core liner) have
small negative values of magnetic susceptibility. Calcareous and biogenic deposits with low
clay and iron-bearing mineral debris content thus have values near the detection limit of
magnetic susceptibility meters.
Magnetic susceptibility was measured on the WRMSL with a Bartington Instruments
MS2C loop sensor system operating at 621 Hz. In this system a low intensity (~80 A/m)
magnetic field operating at 0.565 kHz is applied to the material in the core. Measurement
drift was minimized by zeroing the sensor prior to the start of each core run (i.e., at least
every seven core sections). Beyond this no external calibration of this system is required.
The “units” option for the meter was set on SI units and the values were stored in
the database in raw meter units. To convert to true SI volume susceptibilities, these should
be multiplied by ~0.68×10–5 (Blum, 1997). The magnetic susceptibility of core pieces
shorter than 8 cm cannot be accurately determined because the half-width of the response
function is ±4 cm; hence, part of the measurement would include regions off the edge,
producing so call “edge effects”.
2.5.3.4 Natural Gamma Radiation Logger
The natural gamma radiation logger (NGRL) was designed and built at the Texas
A&M University Integrated Ocean Drilling Program (IODP) U.S. Implementing Organization
(USIO) facility (Vasiliev et al., 2011). This system measures gamma rays emitted from
whole-round core sections. Gamma rays detected by the logger arise primarily from the
decay of mineral-hosted uranium, thorium, and potassium isotopes. In general, high counts
identify fine-grained deposits containing K-rich clay minerals and their absorbed U and Th
atoms. The NGRL maps fine stratigraphic details that aid in stratigraphic and core-to-log
correlations (Michibayasi et al., 2008).
The NGR detector unit consists of eight NaI scintillator detectors spaced 20 cm apart
surrounding the lower half of the section, seven shielding plastic scintillator detectors, 22
photomultipliers, and passive lead shielding. The NaI detectors are covered by at least 8 cm
of lead shielding. In addition, lead separators (~7 cm of low-background lead) are
positioned between the NaI detectors. Half of the lead shielding closest to the NaI detectors
is composed of low-background lead, whereas the outer half is composed of common
(virgin) lead. In addition to this passive lead shielding, the overlying plastic scintillators
detect incoming high-energy gamma and muon cosmic radiation and cancel this signal from
the total counted by the NaI detectors. The detector counts were summed for the range 100
to 3000 keV to yield a measurement of total natural gamma radiation.
With the present set up a core section is advanced into the NGR and total counts per
second (cps) recorded over a period of 7–10 min (depending on time available). This yields
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a measurement spacing of 20 cm, equal to the spacing of the detectors. Higher resolution
spatial resolution can be obtained by advancing the core 10 cm upon completion of the first
set of measurements and recording for an additional period of time. The combined position
I and position II yield a total of 16 measurements per 1.5 m section. Longer detection
periods give more accurate values than shorter detection periods with higher spatial
resolution. For the cores on Expedition 344S, both positions I and II were used to increase
the spatial resolution of the measurement.
Background counts were measured on an empty core liner for 12 h (6 h per
position) after arrival in the area of study. The NGR detector unit was periodically energy
calibrated for total gamma radiation emissions (counts) using 137Cs and 60Co sources and
identifying the peaks at 662 and 1330 keV, respectively (Calibration materials from Eckert
& Ziegler Isotope Products, USA). Edge effects due to the geometry of the core and the
geometry of the system are unavoidable. The software of the program attempts to
automatically corrects for these.

2.5.4 Section-Half Multisensor Logger Measurements
Measurements by Section-Half Multisensor Logger (SHML) are conducted after the
core is split into working and archive halves. During this step the core archive half is
scanned to collect a high-resolution image, color spectral reflectance, and point magnetic
susceptibility at centimeter resolution.
2.5.4.1 Color Reflectance Spectrometry
The Munsell color system has been traditionally used in geology and is the color
scale used by the sedimentologists on this expedition. This system is based on a three
dimensional space of hue, value, and chroma. Hue describes the color of the sample as
yellow, red, green, blue, purple or any mixture among them. Value describes the lightness
of the sample on a gray scale from white to black. Chroma describes the degree of
difference between a color and gray of the same lightness value. The data collected using
this system are hard to manipulate mathematically and depend on the observer and the
observational conditions (Giosan et al., 2002). An alternative method of representing color
is the CIE (Commission Internationale de l’Eclairage) L*a*b* (or CIELAB) chromaticity
space, which is one of the scales reported by the SHMSL.
An Ocean Optics Inc. USB4000 spectrophotometer system coupled with a halogen
light source was used to measure ultraviolet (380 nm) to near infrared (900 nm)
reflectance in 2 nm wavelength increments. In general the results from this instrument are
reported in CIELAB scale as lightness (L*), color indices a* (green to red, green being
negative and red positive), and b* (blue to yellow, blue being negative and yellow positive).
The lightness is similar to the Munsell value. The variables a* and b* define a quasi-circular
hue-chroma space at any given L*. The CIELAB values can be transformed to Munsell LCH
coordinates by the following equations:
C = ((a*)2 + (b*)2)1/2
H = tan-1(b*/a*), where 0°≤H≤360°
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Although this is the most general output of results, the system also records
tristimulus values for axes x, y, and z. The CIEXYZ tristimulus scale can be calculated also
based on the CIELAB scale as:
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Both the CIELAB and the CIEXYZ scale are calculated based on the 2 nm intervals for
the different wavelengths measured by the system. Calibration is performed with two main
sources, black and white, approximately every 12 hr. When processing soft sediment cores,
the material is covered with a plastic film (“GladWrap”) to avoid the sediment fouling the
sensor.
2.5.4.2 Point Magnetic Susceptibility
A Bartington Instruments MS2E contact probe is used to take point magnetic
susceptibility measurements. The probe has a flat 15 mm diameter sensor operating at a
frequency of 0.580 kHz. Measurements are taken every 2.5 cm at a rate of one
measurement per second. Three measurements are taken and averaged to obtain a final
value with an accuracy of 5%. Point measurements have greater spatial resolution than
those obtained with the WRMSL loop sensor, which integrates over a length of ~8 cm. The
area of response of the MS2E sensor is 3.8×10.5 mm, with a depth response of 50% at
1 mm and 10% at 3.5 mm (Bartington Instruments, 2011). This makes the system capable
of measuring core fragments smaller than 8 cm, which cannot be achieved with the loop
sensor. In sediments such as the diamicts cored during this expedition, the presence of
clasts can make the signal of this sensor more “noisy” than the values measured with the
WRMSL loop.
The probe is zeroed in air before each section measurement and the software
performs an automatic correction. The instrument is also calibrated after approximately 12
hours of use. The value output assumes the probe is completely buried in the sample;
however, because the probe is only in contact with the upper, flat surface a correction
factor of 2 is automatically applied by the measuring software. No other corrections are
needed for this system. The results are reported in SI dimensionless units making them
comparable to those obtained with the WRMSL.
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2.5.5 Discrete sample measurements
2.5.5.1 Moisture and Density
After the whole-round cores are split into working and archive halves, the working
halves are placed on the sampling table for collection of discrete samples to determine wet
and dry bulk density, grain density, water content, and porosity. In soft sediment, ~10 cm3
samples were collected with a plastic syringe, the diameter of which fit that of a glass vial.
Samples were placed in numbered, pre-weighed 16 ml Wheaton glass vials or aluminium
vials for wet and dry sediment weighing, drying, and wet and dry volume measurements of
soft sediment. When the samples were indurated enough to be cut with a parallel saw,
cubes of 8 cm3 were cut out of the rock and shared for the measurements of MAD and Pwave velocity. In these cases aluminum dishes were used for the weight measurements and
the sample was placed directly into the pycnometer for dry volume measurement. In cases
when the sample cracked or broke during the process but was still too big to enter a glass
vial, metal containers were used and the weight and volume of these was incorporated in
the calculations. The weights of wet and dry sample masses were determined to a precision
of 0.005 g using paired Mettler Toledo XS204 electronic balances and software that
averages 300 measurements over 60 s to compensate for the ship's motion.
Dry sample volume was determined using a hexapycnometer system of a six-celled,
custom-configured Micromeritics AccuPyc 1330TC helium-displacement pycnometer. The
precision of each cell is 1% of the full-scale volume. Volume measurement was preceded by
three purges of the sample chamber with helium warmed to ~28.2°C. Three measurement
cycles were run for each sample. Periodically, a reference volume (calibration spheres,
nominal volume 10.255 cm3) was placed sequentially in one of the chambers to check for
instrument drift and systematic error. The instrument was recalibrated when drift of
greater than ~0.5% of the calibrated value was observed. The volumes of the numbered
Wheaton and metal vials were calculated before the cruise by multiplying each vial’s
weight against the average density of the vial glass. Dry mass and volume were measured
after samples were heated in an oven at 105° ± 5°C for 24 hr and allowed to cool in a
desiccator for >1 hr. The procedures for the determination of these physical properties
comply with the American Society for Testing and Materials (ASTM) designation (D) 2216
(ASTM International, 1990). The fundamental relation and assumptions for the calculations
of all physical property parameters are discussed by Blum (1997) and summarized below
in sections “Mass and Volume Calculation” and “Calculation of Bulk Properties.”
Mass and Volume Calculation
Wet mass (Mwet), dry mass (Mdry), and dry volume (Vdry) were measured in the
laboratory. The ratio of mass (rm) is a computational constant of 0.965 (i.e., 0.965 g of
freshwater per 1 g of seawater). Salt precipitated in sediment pores during the drying
process is included in the Mdry and Vdry values. The mass of the evaporated water (Mwater)
and salt (Msalt) in the sample are given by:
Mwater = Mwet – Mdry
Msalt = Mwater[s/(1 – s)]
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where s is the assumed saltwater salinity (0.035%) corresponding to a pore water density
(ρpw) of 1.024 g/cm3 and a salt density (ρsalt) of 2.22 g/cm3. The corrected mass of pore
water (Mpw), volume of pore water (Vpw), mass of solids excluding salt (Msolid), volume of
salt (Vsalt), volume of solids excluding salt (Vsolid), and wet volume (Vwet) are:
Mpw = (Mwet – Mdry)/rm
Vpw = Mpw/ρpw
Msolid = Mwet – Mpw
Msalt = Mpw – (Mwet – Mdry)
Vsalt = Msalt/ρsalt
Vwet = Vdry – Vsalt + Vpw
Vsolid = Vwet – Vpw
Calculation of Bulk Properties
For all sediment samples, water content (w) is expressed as the ratio of mass of pore
water to wet sediment (total) mass:
w = Mpw/Mwet
Wet bulk density (ρwet), dry bulk density (ρdry), sediment grain density (ρsolid),
porosity (ϕ), and void ratio (VR) are calculated as:
ρwet = Mwet/Vwet
ρdry = Msolid/Vwet
ρsolid = Msolid/Vsolid
ϕ = Vpw/Vwet
VR = Vpw/Vsolid
Moisture and density properties reported and plotted in the “Physical Properties”
sections of all site reports were calculated with shipboard-prepared Excel spreadsheets.

2.5.6 GANTRY Measurements of P-wave Velocity and Shear Strength
A short track (“GANTRY”) is used to measure P-wave velocity in one, two or three
axes on a section-by-section or sample-by-sample basis.
2.5.6.1 P-wave Velocity
In addition to the velocity measurements with the PWL, compressional-wave
velocity was measured on split-core sections with the Digital Sound Velocimeter (DSV)
using the PWS3 caliper. This instrument has vertically aligned caliper transducers that
measure the travel time of a 500 kHz signal through the split-core section and core liner (xdirection) and in all three axes on discrete 8 cm3 cubes. This system utilizes the same
transducers as the PWL system but with an amplifier to improve signal to noise ratio. For
2.5-10

Chapter 2. Methods
2.5 Physical Properties

Proceedings of the Baffin Bay
Scientific Coring Program

indurated samples, the same 8 cm3 cubes used for MAD measurements were saturated with
seawater and their velocity measured in the x, y, and z direction on the velocimeter. This
velocimeter was calibrated using acrylic cylinders of differing thicknesses and a known Pwave velocity (2750 ± 25 m/s). Calibration was carried out once every 12 hr or when
deemed necessary when a systematic check on the velocity of acrylic standards showed
unacceptable drift (i.e., >25 m/s from 2750 m/s).
The distance between transducers was measured with a built-in linear voltage
displacement transformer. The wave was automatically processed to find the first arrival
value, but all wave amplitude measurements over time were recorded and used to assess
measurement quality.
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2.6 Geochemistry
2.6.1 Introduction
Shipboard organic geochemistry for Expedition 344S included routine sets of
analyses for (1) hydrocarbon gas in sediment cores, (2) inorganic carbon (IC) content of
sediment, (3) total carbon (TC) and total nitrogen (TN) content of sediment, and (4)
pyrolysis characterization of sedimentary organic matter using the source rock analyzer
(SRA). Most of the procedures and instruments used during Expedition 344S were
described by Pimmel and Claypool (2001) and generally are similar to those used during
recent Integrated Ocean Drilling Program (IODP) expeditions. Comments on routine
sampling and deviations from standard practice are noted below and in the individual site
chapters.

2.6.2 Hydrocarbon Gases
Sediment gas composition was typically determined at least once every core. Two
sampling methods were employed: headspace (HS) sampling and gas void (VAC) sampling
using a syringe. HS gas is given off after an estimated quantity of sediment is heated in a
vial. VAC sampling is a direct extraction of gas from visible expansion voids within the core
liner of the recovered core. Sediment plugs for HS analysis were taken directly after the
core was brought onto the catwalk. The sediment plug (code HS), consisting of about 5 cm3
of sediment usually sampled using a cork borer or cut-off syringe, was put into an HS vial
and crimp-sealed for standard IODP hydrocarbon safety monitoring. When the sediment
became too lithified to extract using a cork borer, fragments of core were chiseled out of
the core and placed in the vial. HS samples for on board analyses were heated at 70°C for
20 minutes before being injected into the gas chromatograph (GC).
Gases obtained by either HS or VAC sampling were analyzed by one of two GC
systems: an Agilent/HP 6890 Series II (GC3) or an Agilent/HP 6890A natural gas analyzer
(NGA). For most samples, the GC3 system was used. Gases were introduced by injection
from a 5 mL syringe directly connected to the GC system via a 1 cm3 sample loop; helium
was used as the carrier gas.
The GC3 system determines concentrations of methane (C1), ethane (C2), ethene
(C2=), propane (C3), and propene (C3=) with a flame ionization detector (FID) using a 2.4 m
× 3.2 mm internal diameter (ID) stainless steel column packed with 100/120 mesh
HayeSep R. The GC oven temperature was programmed to hold for 0.5 min at 90°C, ramp at
30°C/min to 100°C, ramp at 15°C/min to 110°C, remain at 110°C for 4.5 min, and then
ramp at 50°C/min to 150°C with a final holding time of 1.8 min. The FID temperature was
250°C.
The NGA system measures concentrations of C1–C7 hydrocarbons with a FID, as well
as concentrations of N2, O2, and CO2 with a thermal conductivity detector (TCD). TCD
separation used three columns: a 6 ft × 2.0 mm ID stainless steel column (Poropak T
[50/80 mesh]), a 3 ft × 2.0 mm ID stainless steel molecular sieve column (13X; 60/80
mesh), and a 2.4 m × 3.2 mm ID stainless steel column packed with 80/100 mesh HayeSep
2.6-1

Chapter 2. Methods
2.6 Geochemistry

Proceedings of the Baffin Bay
Scientific Coring Program

R (Restek). FID separation was performed on a DB1 capillary column (60 m × 0.32 mm)
with 1.5 μm phase thickness. FID separation uses helium as the carrier gas, and the GC oven
temperature was programmed to hold for 2 min at 50°C, ramp at 8°C/min to 70°C, and then
ramp at 25°C/min to 200°C with a final holding time of 5 min. The FID temperature was
250°C. Data were collected and evaluated with an Agilent ChemStation data-handling
program. For both systems, chromatographic response was calibrated to nine different gas
standards with variable quantities of low molecular weight hydrocarbons, N2, O2, CO2, Ar,
and He and checked on a daily basis. Gas components are reported as parts per million by
volume (ppmv) of the injected sample.

2.6.3 Sampling for Carbonate and Organic Matter Analyses
Sediment samples collected for shipboard analysis (nominally 5 cm3 wet volume;
typically ~3 g dry mass) were selected from the working half of the core on the sampling
table in collaboration with sedimentologists. Samples were selected based on (1) major
lithology, so that questions regarding carbonate content could be answered, and (2) any
darker, more organic-rich lithologies based on visual differences. Samples were freezedried for at least 12 hr. Dried samples were crushed to a fine powder and carefully
homogenized either with a mortar and pestle or using a SPEX 8000 mill when samples
were too hard to be crushed manually in preparation for carbonate and organic matter
analyses.

2.6.4 Inorganic Carbon and Carbonate
The IC content of sediment samples was determined by coulometry using a UIC
5011 CO2 coulometer in which ~10 mg of freeze-dried, ground sediment were reacted with
1N HCl. The liberated CO2 was back-titrated to a colorimetric endpoint. The carbonate
content of sediment (in weight percent [wt%]) was calculated from IC content by assuming
that all carbonate occurs as calcium carbonate:
CaCO3 = IC × 8.33.
Accuracy was checked during analysis batches by running a carbonate standard
(100 wt% CaCO3) every 10 samples and continuing analysis only if values were between 99
and 101 wt%.

2.6.5 Elemental Analyses
TC and TN contents of sediment samples were determined with a ThermoElectron
FlashEA elemental analyzer 1112 equipped with a ThermoElectron packed column
(CHNS/NCS) and a TCD. An aliquot of 8–12 mg of freeze-dried, ground sediment was
weighed into tin cups, one small spatula of vanadium pentoxide catalyst was added, and the
sample was combusted in a stream of oxygen at 900°C. The reaction gases were passed
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through a reduction chamber to reduce nitrogen oxides to nitrogen and then they were
separated by the GC before detection by the TCD.
All measurements were calibrated to a sulfanilamide standard (N = 16.27 wt%, C =
41.84 wt%, and S = 18.62 wt%) that was run every 10 samples. Analyses were only
continued if standard data varied by <1% from these values for N and C. Based on the drift
of N, C, and S in the sulfanilamide standard in typical batches, S content varies more than
that of N and C; thus, analyses were only continued if standard data for S varied by <10%.
TOC content was calculated as the difference between TC and IC from coulometry:
TOC = TC – IC.
The C/N ratio was calculated by dividing the TOC by total nitrogen content.

2.6.6 Organic Matter Characterization
The type, quantity, and thermal maturity of organic matter in sediments were
evaluated by pyrolysis assay using the SRA (Weatherford Laboratories) (for a review on
source rock evaluation using pyrolysis see Conford, 1998). Between 60 and 150 mg of
freeze-dried, ground sediment was weighed into SRA crucibles. Volatile hydrocarbon (HC)
content was released when the sample was heated at 340°C for 3 min as the S 1 peak (mg
HC/g rock). S1 reflects the amount of free hydrocarbons (gas and oil) in the sample. S 1
values greater than 1 mg/g might be indicative of an oil show. Hydrocarbons were released
during the pyrolysis of kerogen as the temperature was increased from 340° to 640°C at
25°C/min as the S2 peak (mg HC/g rock). S2 is an indication of the quantity of hydrocarbons
that the rock has the potential to produce should burial and maturation continue. The
nominal temperature of the maximum rate of hydrocarbon yield during S2 analysis
(temperature when top of S2 peak is reached) is Tmax. Tmax provides an indication of the
stage of thermal maturation of the organic matter. CO2 (as mg C/g rock) released during
pyrolysis between 340° and 390°C is the S3 peak. S3 is an indication of the amount of
oxygen in the kerogen and is used to calculate the oxygen index (OI). Contamination of
samples should be suspected if S3 is abnormally high. CO2 (as mg C/g rock) produced by
oxidizing the pyrolysis residue at 580°C is the S4 peak, but this is not directly reported. TOC
was calculated from S1, S2, and S4, assuming that S1 and S2 are 83% carbon:
TOC (%) = (0.83 × [S1 + S2] + S4)/10.
The carbon-normalized hydrogen index (HI) (mg HC/g C) and the OI (mg CO2/g C)
were calculated from pyrolysis values:
HI = (100 × S2)/TOC and OI = (100 × S3)/TOC.
The type of organic matter (I-III) was characterized by plotting the OI vs. HI. Type I
organic matter is characterized by high HI and low OI, derived from lacustrine algae, and is
oil prone. Type III organic matter is characterized by low HI and high OI, derived from
terrestrial sources (land plants), and is gas prone. In between type I and III, type II is
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derived from marine organic matter and is both gas and oil prone. In addition to a marine
source, type II can also indicate a mixture of type I and III organic matter (for more details
see Espitalié et al., 1978; Conford, 1998).
All measurement batches were preceded by a blank and then calibrated to a rock
standard from Weatherford Laboratories (99986; PWDR5); the same standard was used
for quality control (QC) every 10 samples. Analysis was only continued if QC data fell
within the permitted range for this standard, as defined by Weatherford Laboratories. In
practice, S3 and OI were occasionally more variable than permitted for the 99986 standard
when used as a QC standard in batches of samples; the range of error was as high as ±50%.

2.6.7 Total Organic Carbon Measurement
Besides the above described calculation of TOC, derived from the difference
between TC (measured on the elemental analyzer) and IC (measured by coulometry), the
SRA pyrolysis provides an additional TOC estimate, obtained from the sum of pyrolysis
carbon (0.83 × [S1 + S2]/10) and residual carbon (S4/10). The S4 parameter is the oxidizable
(at 580°C) residual carbon remaining after pyrolysis.
The two methods are completely independent. The first technique has the
advantage of being derived partly from the traditional elemental analysis approach but the
disadvantage of relying on two separate instruments, as the carbon associated with
carbonate content must be subtracted from TC. The SRA pyrolysis technique has the
advantage of being derived directly during an analytical run on one instrument.
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2.7 Downhole Measurements
Wireline logs were recorded after completion of coring whenever hole depth and
conditions made it possible. Formation temperature measurements were initially planned
to determine the temperature gradient at each site, but the nature of the formation
precluded the deployment of any of the temperature probes.
Logs were recorded with a variety of tools combined into tool strings, which were
run down the hole after completion of drilling. Three tool strings were initially planned for
Expedition 344S (Fig. 2.7-F1): a modified “triple combo” (spectral and natural gamma ray,
porosity, density, resistivity, magnetic susceptibility); a Formation MicroScanner (FMS)sonic string (gamma ray, sonic velocity, resistivity images); and the Versatile Seismic
Imager (VSI; vertical seismic profile and gamma ray). In case of hazardous conditions, tool
malfunctions, or unnecessary redundancy, some components were not included in these
strings or combined in other configurations.
Most of the tools used during Expedition 344S were standard tools provided by
Schlumberger and described at http://iodp.ldeo.columbia.edu/TOOLS_LABS/tools.html.
The measurements made by each tool and the acronyms and data channels are listed in
tables 2.7-T1 and 2.7-T2, respectively. The following sections describes some of the
specifics of wireline logging operations onboard the JOIDES Resolution and some the less
standard technologies used.

2.7.1 Operations
In preparation for logging, the boreholes are flushed of debris by circulating a “slug”
of viscous drilling fluid (sepiolite mixed with seawater; approximate density = 8.8 lb/gal, or
1.055 g/cm3) through the drill pipe to the bottom of the hole. In unstable conditions,
heavier mud is used to stabilize the hole. The Bottom-Hole Assembly (BHA) is pulled up to
some depth below the seafloor (~30 mbsf in lithified formations) to prevent the collapse of
the unconsolidated shallowest formations. The tool strings are then lowered downhole by a
seven-conductor wireline cable during sequential deployments.
Each tool string deployment is a logging “run” starting with the assembly of the tool
string and the necessary functional checks. The tool string is then sent down to the bottom
of the hole while recording a partial set of data, and, except for the VSI, is then pulled up at
a constant speed, typically 300-600 m/hr to record the main data. The VSI is held
stationary at regularly-spaced depths, referred to as “stations”, while shooting the seismic
source, then pulled up between stations.
During each run, tool strings can be lowered down and pulled up the hole several
times for repeatability tests or to try to improve the quality or coverage of the data. Each
lowering or hauling-up of the tool string while collecting data constitutes a “pass”. During
Expedition 344S, at least two passes were made for each run, over the entire open hole or a
shorter interval.
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Figure 2.7-F1. Wireline tool strings used during expedition 344S.
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During each pass, the incoming data are recorded and monitored in real time on the
surface MAXIS system. A logging run is complete once the tool string has been brought to
the surface and disassembled. A Wireline Heave Compensator (WHC) is used to minimize
the effect of ship’s heave on the tool string’s position in the borehole.
Table 2.7-T1: Downhole measurements made by wireline tool strings during Expedition
344S

2.7.2 Wireline Heave Compensator
The WHC is designed to compensate for the vertical motion of the ship and maintain
a steady motion of the logging tools. It uses vertical acceleration measurements made by a
Motion Reference Unit (MRU), located under the rig floor near the center of gravity of the
ship, to calculate the vertical motion of the ship. It then adjusts the length of the wireline to
compensate for the ship motion by varying the distance between two sets of pulleys
through which the cable passes. The efficiency of the heave compensation is monitored in
real time and can be adjusted if necessary.

2.7.3 Seismic Operations (Check Shots)
During Expedition 344S, the VSI was anchored against the borehole wall at ~50 m
intervals, depending on the quality of the borehole, and 5 to 15 recordings were taken at
each station. The recorded waveforms were stacked and a one-way travel time was
determined from the first breaks for each station. The seismic source used was a Sercel G.
Gun parallel cluster, composed of two 250 in3 air guns separated by 1 meter. The cluster
was positioned by one of the ship cranes ~30 m to the port side of the ship, aft from the rig
floor, at a total horizontal offset from the top of the well head of ~60 m, and maintained ~7
m below the sea surface.
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Table 2.7-T2: Acronyms and units used for downhole wireline tools and measurements.

All seismic activities were conducted during daylight and Marine Mammal
Observers (MMOs) kept watch for marine mammals for the duration of the seismic
activities. Any sight of mammals within the Exclusion Zone (EZ) of 500 m would interrupt
the survey for 20 minutes after the last sighting or until the mammals were seen leaving
the EZ. MMOs began observations one hour prior to the use of the seismic source, which
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started with a 30 minutes ramp-up procedure, gradually increasing the operational
pressure and firing rate to provide time for undetected mammals to vacate the area. The
same ramp-up procedure would be used when resuming activity after any interruption due
to the sighting of marine mammals or whenever the gun was not fired for more than 5
minutes.

2.7.4 Magnetic Susceptibility Sonde
The Magnetic Susceptibility Sonde (MSS), a wireline tool designed by LamontDoherty Earth Observatory (LDEO), measures the ease with which formations are
magnetized when subjected to the Earth’s magnetic field. Magnetic susceptibility is related
to the concentration and composition (size, shape, and mineralogy) of magnetizable
material within the formation. These measurements provide one of the best methods for
investigating stratigraphic changes because the measurement is quick, repeatable,
nondestructive and because different lithologies often have strongly contrasting
susceptibilities. Magnetic susceptibility is also routinely measured on the recovered cores,
allowing for precise core/log correlations. The MSS was run as a component of a
Schlumberger tool string, using a specially developed data translation cartridge.
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3. Operations
3.0.1 Background and Mobilization/Demobilization
The Baffin Bay Scientific Coring Program (BBSCP) was a culmination of months of
planning and negotiations between the Consortium for Ocean Leadership (COL), Texas A &
M University, the United States Implementing Organization (USIO) or Science Operator for
the Integrated Ocean Drilling Program (IODP), the ship’s owner/operator, Siem
Offshore/Overseas Drilling Ltd. (ODL), and a consortium of oil companies led by Shell
Kanumas A/S. The consortium included Shell, GDF Suez, ConocoPhilips, Statoil, Nunaoil,
Dong, Maersk Oil, and Cairn Energy.
The primary objective of the stratigraphic coring program was to obtain samples of
sediment and rock beneath the seabed at drill sites identified in northern Baffin bay,
including Melville Bay off the northwestern margin of Greenland. Coring was to focus on
sites where hydrocarbon traps were absent based upon extensive multiple safety panel
evaluations by Shell Kanumas, ODL subcontractors, and by the Texas A&M Safety Panel.
The ship underwent 2 days of mobilization (3-4 August 2012) immediately prior to
departure from port. Included in the mobilization was the loading of all hardware and
supplies deemed necessary to successfully complete the mission. This included, but was
not limited to, the loading of additional Free Fall Funnel (FFF) reentry cones (for a total of
nine for the BBSCP), three special “purpose designed” RES reentry structures, and
additional C-4 and C-7 tungsten carbide insert roller cone core bits used with the IODP
Rotary Coring System (RCB). The ship’s dry bulk storage tanks were close to being topped
off. The ship sailed with 2485 sacks (124.3 short tons) of barite, 4013 sacks (200.7 short
tons) of sea gel, and 2479 sacks (116.5 short tons) of cement. After loading, the ship had
699 core liners (3+ boxes) available for use during the expedition.
Designated Expedition 344S (Exp-344S), the expedition began on 5 August 2012
with the last line away from Pier 17, St. John’s, Newfoundland, Canada and officially ended
with the arrival of the ship back in St. John’s, Newfoundland on 6 October 2012.
Demobilization took place 6–7 October.

3.0.2 Planned On-Site Operations
A total of 62 days was planned for transits and for coring and logging operations for
Exp-344S (Tables 3.0-T1). Seven primary sites were planned for the RCB coring system. An
eighth site (Site U0100) was included as another highly desired but secondary drill site. In
addition to RCB coring, it was agreed that the Advanced Piston Corer/Extended Core Barrel
(APC/XCB) coring systems should be deployed at the initial 1–2 sites to verify whether
these coring systems would possibly be viable in the anticipated glacial material. The
APC/XCB coring systems were favored because of anticipated better recovery and core
quality if the sediment was unlithified, although it was recognized that it was unlikely that
these systems would perform very well in the glacial terrain, with the typical mixture of
hard rocks in a semi-lithified matrix. Temperature measurements, to be taken with the
Advanced Piston Corer Temperature (APCT3) tool and/or the Sediment Temperature
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(SET) tool, were desired although these tools were also considered unlikely to be
successful in these formations. Wireline logging using up to three tool strings — TripleCombo, FMS-Sonic, and VSI — was planned for all but the last site (U0010) assuming
adequate penetration depth was achieved. Very limited waiting-on-ice (WOI) contingency
time was built into the on-site time allocated for Sites U0021 (39.0 hrs), U0041 (41.0 hrs),
and U0061 (53.5 hrs).
Table 3.0-T1. Planned on-site coring, logging operations., and transits.

3.0.3 Actual Operations
The drilling operations morphed considerably once the BBSCP got underway.
Several factors (discussed below by category) led to major changes in the drilling approach
required for the remainder of the expedition.
3.0.3.1 Ice Management
It became apparent very early on that ice conditions would play a major role in the
success or failure of the expedition. Coring holes of any depth was problematic because the
sustained time in the hole for advancing the bit was generally short (see section below on
ice management for more in depth discussion). Alternate sites were developed to
supplement those already approved that would allow the same geological sections to be
cored but with significantly less penetration depth required. This equated to less time
required to reach the objective, and because the holes were shallower, the necessary Ttime calculations (i.e., calculations of the time before approaching ice halted operations)
were shorter allowing for more on-bottom coring time. Ice forecasters indicated that 2012
turned out to be a heavier than normal ice year and the density of icebergs, bergy bits, and
growlers was higher than the average. Growlers proved to be considerably more
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problematic than anticipated as they could not be readily detected on radar, tended to
move faster than the icebergs (up to 1.6 knots), and tended to change directions more
rapidly. Visibility became critical to operations when operating in and around growler
fields. Thick fog and darkness (later in the expedition) complicated safe operations and led
to additional delays in coring.
3.0.3.2 Coring Systems
As suspected, the seabed across Baffin Bay was much too hard to attempt coring
with the APC system. ROV and VIT images illustrated that the seabed was strewn with
rocks and boulders prevented the APC/XCB coring systems from being viable. Two “spud”
cores were cut with the XCB system in Holes U0110A and U0110B, respectively. A
combined total of 5.0 m of penetration was achieved with 3.36 m recovered (67.2%),
although recovery was predominantly drilling slurry and rocks with few coherent pieces of
core. Slow penetration rates, cutting shoe damage, and the need to drill a larger hole (117/16 inch diameter versus 9-7/8 inch with the RCB) led to the abandonment of the XCB
system. The RCB coring system was the workhorse coring system for the rest of the
expedition and did a respectable job of recovering good quality core. All sites were cored
using the RCB coring system and all holes were RCB cored with the exception of the first 2
holes.
Overall, the expedition recovered 920.66 meters of core from a total penetration of
1932.0 meters resulting in an overall recovery percentage of 47.7%. Of the 11 drill sites
occupied and 13 holes drilled, the deepest penetration below seafloor was 358.5 meters in
Hole U0080A while the shallowest penetration was 60.0 mbsf in Hole U0021A. Table 3.0T2 and Fig. 3.0-F3 show actual time spent by category.
.
3.0.3.3 Penetration Rates
During the development of the operations plan, for lack of any better data to go on,
penetration rates were assumed to be similar to those experienced on ODP Leg 105 in the
Baffin Bay. This assumption proved to be false. As it turned out, assumed rates of
penetration (ROP’s) of 20 m/hr for the upper 200 m followed by 7 m/hr below that depth
were in retrospect significantly optimistic. In general, as a rule of thumb, ROP’s during
BBSCP averaged 3.0 m/hr for the first core, followed by an average ROP of 4.0 m/hr up to
100 mbsf, and below that depth ROP’s averaged 5.0 m/hr. Actual rates varied considerably
from core to core, however using the above rates proved to be reasonably accurate overall.
First cores tended to be very slow because the seafloor was covered with cobbles and very
hard to penetrate, and hence the BHA was completely unsupported with all of the drill
collars positioned above the seafloor, very little weight could be applied to the bit. Once
through the upper layer of glacial debris and rubble the holes almost immediately went
into semi-indurated and indurated rock. These rocks proved to be very slow drilling with
limited weight available. Changing the operational approach to drilling multiple shallowpenetration holes resulted in the need to core more hard formation with limited weight.
BHA lengths (to the top of the 8-1/4 inch control length drill collars) ranged from 76.34 to
103.79 meters. This is the depth of hole required before the full weight of the BHA can be
applied to the bit.
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Figure 3.0-F1. Location of Expedition 344S coring sites and ODP Leg 105 Site 645.
3.0.3.4 Temperature Measurements
Overburden at all sites directly overlying hard indurated formations prevented the
acquisition of temperature data.
3.0.3.5 Methane Gas/Hydrocarbons
Recovery of cores high in biogenic methane is quite common in scientific ocean
coring. Protocols established by the Environmental Pollution Prevention, and Safety Panel
(EPSP) are geared toward avoiding any potential hydrocarbon show resulting from drilling
into trapped or over pressured, “thermogenically produced” or migrating hydrocarbons.
Biogenic methane is not normally considered to be an issue of concern in the volumes
typically found. Unless drilling in known hydrate rich environment, the levels of biogenic
methane found are typically less than 100,000 ppmv. It was a surprise when the BBSCP
expedition started measuring “average” levels in excess of 200K ppm. Some discrete
samples taken actually measured as high as 440,000 ppmv. The occurrence of biogenic
methane and the mitigation protocols developed aboard ship as a result are discussed
further below. It is mentioned here only in the context of unanticipated coring delays due
to the need in some cases to adopt half-coring techniques and/or waiting on headspace
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measurements before advancing the next core barrel. Holes U0110C, U0100A, and U0065A
were all ultimately abandoned early and plugged with heavy mud as a result of the
excessive biogenic methane volumes detected in the cores. Hole U0083 encountered high
methane values as well, but was abandoned due to ice encroachment before gas
termination levels were reached. Hole U0110C was observed flowing at the seabed prior to
plugging with 10.5 ppg heavy mud. The shipboard developed protocol for dealing with high
volumes of biogenic methane is provided later in the report.

Figure 3.0-F2. Example of the hard dolomictic rock encountered at the base of Hole U0047A
and in Hole U0021A (Interval U0021A-7R-3, 108-112 cm).
3.0.3.6 Seabed Survey Requirement
Seabed surveys were required to ensure that no holes were spudded into colonies of
sponges or hard corals. In addition, such communities were not to be affected by the
cuttings generated during the course of drilling the holes to total depth. As such, seabed
surveys were required to be performed at all sites prior to touching the seafloor with any
portion of the drilling assembly. Initially these surveys (using a mini-ROV) took much
longer than projected. Later in the expedition, once the IODP VIT was used in lieu of the
mini-ROV the surveys were conducted much more efficiently (approximately 1 hour or
less). More detail and discussion is later in the report.
While penetrations at most sites were limited to less than the projected depths the
scientific return was still considerable. As stated above, reasons for the shallower
penetration depths were varied and included more than just encroachment of ice. Some
holes were terminated simply because of the age and nature of the formation encountered
or because other sites/holes were deemed to be of higher priority shallowest penetration
was 60.0 mbsf in Hole U0021A. Table 3.0-T2 and Fig. 3.0-F3 show actual time spent by
category.
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Table 3.0-T2. Actual on-site coring , logging operations., and transits.

Figure 3.0-F3. Pie chart showing expedition time distribution (days & percent)
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3.0.3.7 Seafloor Structures
Some of the Exp-344S holes were estimated to reach 600 to 800 mbsf. Because of
the anticipated high level of interruptions due to ice movement it was considered highly
unlikely these holes could be completed without requiring multiple reentries. Exp-344S
was prepared with several methods of reentering the hole. Traditional reentry cones were
considered; however, the time required to deploy these cones was deemed excessive
especially if the seabed was hard or rubble covered. It was also unclear at the time,
whether these structures would have to be recovered upon completion of the drilling.
Using typical IODP Free Fall Funnels (FFF’s) was considered the best option except for two
concerns. First, the seabed could be too soft resulting in a destabilized FFF due to the large
amount of circulation required for the deep penetrations or a FFF buried by the large
amounts of cuttings that would be generated. Second, FFF’s are typically used 1 or 2 times.
The Exp-344S holes may well have required significantly more reentries (3 or more) and it
was unknown if the FFF technology would hold up under repeated reentry operations.
Therefore, some “purpose designed” reentry structures (RES’s) were designed to use FFF
cone technology but mounted on a more robust base. These structures were designed to be
drilled into the seabed if required. The ship sailed with 9 FFF’s aboard and 3 RES’s. As it
turned out, the seafloor was hard in most of the drilling locations and use of the FFF’s was
the favored option. A total of 7 FFF’s were used and the RES systems were never
unpackaged. The FFF at Site U0070 (cored to 303.1) was reentered three times and did not
appear to be harmed or destabilized in any way. See Figure 3.0-F4 photo of typical FFF.

Figure 3.0-F4. Typical Free Fall Funnel (FFF) Deployment).
3.0.3.8 Core Bit Performance
Only 2 cores (5.0 m of penetration) were cut with an XCB bit (SN CX176). This bit
was not damaged in any way from the total of 2.3 rotating hours. All other coring was done
using either a C-4 or C-7 RCB tungsten carbide insert roller cone core bit. The C-4 bits were
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used for spudding all holes at all sites (Fig. 3.0-F5). In Hole U0070A, a C-7 bit was used for
the 2nd and 3rd bit runs when an additional stand of drill collars (10 each total) could be run
and more weight applied to the bit. No appreciable difference in performance was noted
between the two bit types. Bit wear was unique and not commonly seen in previous IODP
holes (Fig. 3.0-F6). All but one bit were retired for shank/shoulder wear/damage. One bit
was retired due to a loose bearing. The longest bit life achieved was 57.7 hours (358.5
meters) with a C-4 TCI bit in Hole U0080A. Maximum bit weight applied during coring was
25,000 lbs. As an alternative to the IODP coring bits, Shell had some polycrystalline
diamond compact (PDC) bits manufactured by American Diamond Tools in Salt Lake City,
Utah (Fig. 3.0-F7). Everyone aboard had hoped for an opportunity to try out these bits as it
was expected they would perform well in the cemented sandstone and shale formations
encountered deeper in the holes. Unfortunately, the amount of tough drilling required to
penetrate the glacial rubble overlying the carbonates was deemed excessive and it was
doubtful the bits would have survived long enough to evaluate performance in the design
formation. Shell ultimately donated these unused bits to IODP.

Figure 3.0-F6. Photo showing unusual
body wear on C-4 core bit.

Figure 3.0-F5. Photo of new C-4 core bit.

3.0.4 Ice Management, Monitoring, and Forecasting
During the planning stages, ice was always considered as a major factor in
operations and indeed predictions of significant ice occupation, especially at the more
northern sites, was anticipated. Only Sites U0110 and U0080 were believed to be relatively
ice free. At the time of planning, discussions centered on the fact that while ice
concentrations appeared to be quite high, it could be expected that the ice movement
would unlikely be evenly spaced. Therefore, the anticipation was that while masses of ice
may move through a location, the event would be followed by an ice-free period until
another congregation of ice would arrive. This proved to be true quite infrequently and in
fact the ice movement at the northern sites was usually thick and relatively evenly spaced
with bergs. It was likened to an “ice-highway” where the JR had to wait patiently on the
“on-ramp” for a window of opportunity to move onto the drilling location and attempt to
accomplish at least a portion of the coring objectives. Operations were interrupted
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considerably because of the orientation of the sites. All primary sites were laid out in a
Northwest-Southeast transect, which was directly in alignment with the majority of the ice
traffic. Therefore, ice movement affecting one location was certain to be soon affecting the
other sites as the bergs moved along the axis of the site transect (Fig. 3.0-F8).

Figure 3.0-F7. Photo of purpose designed PDC bit.

Figure 3.0-F8. Radar Image Showing Plethora of Icebergs (note transect of sites – numbers
assigned by the radar).
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Notwithstanding the icebergs themselves, the “bergy-bits” and “growlers” proved to
be even more troublesome. The bergs, while they could be erratic at times, tended to be
more predictable on the whole. They were impacted more by tidal current changes then by
wind or seas. They were visible on radar and satellite imagery and the experienced ice
watchers/forecasters could forecast with reasonable certainty what they were going to do
(Fig. 3.0-F9). The growlers, however, were just as problematic for the JR because the ship
does not have ice protected propellers or rudders. The growlers were influenced both by
current and by wind/sea forces, and they tended to move at more rapid speeds. They were
much less visible to the naked-eye and in most cases were also not visible on radar. Even
the newly acquired Kelvin-Hughes X-band and S-band radars with sophisticated “sharp
eye” and ”infra-red” technology would not “consistently” pick-up the growlers. In many
cases growlers were witnessed breaking off of bergs adding a new close in threat that did
not exist a few moments before. When visibility was severely reduced, as in cases of night
time or heavy fog, the tension level rose dramatically on the bridge because the marine
crew could not see as far as they would have liked and they were constantly aware of the
potential of becoming trapped in a sea full of growlers making it difficult to maneuver out
of harm’s way (Fig. 3.0-F10 and F11). Overall, the marine crew did a credible job of
balancing the safety of the ship and her crew against the need to accomplish as many of the
drilling objectives as possible. Most of the time, the Captain and mates were fair and
reasonable in their assessment of the situation and the need to take action or not.
Occasionally, they pushed the limit (still in a controlled manner) to enable operations to
continue moving ahead. At times they were probably somewhat overly conservative. Much
of their decision making rested not only with how much ice was in proximity to the ship
but also what the visibility was at the time, how fast the ice was moving, how erratic the ice
was behaving, and what the wind and sea state was at the time. All of these factors had to
be taken into account in determining what and when actions needed to be taken (Fig. 3.0F12).

Figure 3.0-F9. Radar showing iceberg looping.
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Figure 3.0-F11. Growler “temporarily”
visible in fog at Site U0060.

Figure 3.0-F12. Plotting sheet showing flow of ice at Site U0065.
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Ice observers and ice forecasting was invaluable to the operation and could not have
been done without. Much discussion centered upon whether an ice picket boat would have
been of any significant help in extending the JR operating envelope. In some cases the
answer is yes, and in others no. In many cases the sheer volume of ice or the numbers of
growlers encountered would not have been manageable by a single ice picket boat. On the
other hand, in several other cases, operations very likely would have been extended had
the JR not have had to stop and either pull up close to the surface or exit the hole
completely. It’s hard to quantify entirely but suffice to say that “in general” an ice picket
boat would have been of benefit to the program. Ice management for the expedition was
handled by three experienced ice observers/forecasters provided by Canatec, who were
overseen by a senior ice observer/forecaster from Shell. Retaining this level of staffing for
ice observing and forecasting is considered essential to operations in this area.

3.0.5 High Volume Biogenic Gas Protocol
The following protocol was developed aboard ship in response to the high volumes
of biogenic methane gas detected at many of the Baffin Bay drill sites.
BBSCP Biogenic Methane Gas Safety Protocol
13 September 2012
During the Baffin Bay Scientific Program (BBSCP) guidelines have been developed to
ensure safe operations. IODP safety protocol had no fixed limits on the methane gas
content that could be exceeded in headspace gas samples prior to the BBSCP. Instead
headspace gas results were evaluated based on the local geological setting on an expedition
by expedition basis. Values >100,000 part per million by volume (ppmv) were rarely
observed on past expeditions. The highest values observed were mainly limited to areas
with hydrate. While coring at Site U0110 a methane content of >400,000 ppmv was
observed while coring in carbonaceous (organic-rich) shales. Borehole observations
indicated that a small amount of sediment that was probably entrained in methane gas was
flowing from the hole. The hole was plugged and abandoned. Visual camera observations
confirmed the hole was not longer flowing.
As high methane gas measurements were observed at subsequent sites, a
conservative protocol was developed to ensure safety and to aid in decision making. The
main guideline used up to coring at Site U0061 was to halt coring in a hole if the average
headspace content was >100,000 ppmv in two consecutive cores. As the expedition has
progressed, much has been learned about the occurrence of methane gas in the
carbonaceous shales. Based on this knowledge, the protocols are considered to be too
conservative, i.e., the protocols restrict coring in areas where there is very little apparent
risk. Headspace gas measurements made during Expedition 344S have shown that it is not
atypical for high methane (C1) content to occur in very localized carbonaceous shale units.
Lithological variations are such that within a single core, one headspace gas sample may
differ from another by several tens of thousands of ppmv. The gas is considered to have a
biogenic origin as it has little or no ethane (C2), resulting in C1/C2 ratios that are well
above 1000. Hence, the gas is localized rather than a large volume and is biogenic rather
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than thermogenic. In light of the knowledge gained, the guidelines for when to halt coring
need to be revised. The new guidelines seek to provide a limit in the headspace methane
gas that is well below a value that would put operations at any risk and that is sufficiently
lower than the ~400,000 ppmv at Site U0110 to mitigate the risk of flow of methane out of
the borehole. Even though such flow has virtually no environmental impact and can occur
naturally, the standard we seek is to have no outflow from any hole cored.
With those goals in mind, the new safety protocol for BBSCP specifically for biogenic
methane gas concentrations observed in headspace gas is as follows:
 A hole will be plugged and abandoned (P&A) if core samples from two consecutive
full-cored intervals give average headspace methane gas concentrations that exceed
200,000 ppmv.
o Full-cored interval refers to either core collected from
 one standard ~9.5 m cored interval or
 two intervals (i.e., “half cores”) that when combined equate to about a
9.5 m interval.
o Cores from two consecutive full-cored intervals means
 2 cores that are each from ~9.5-m long intervals
 1 core that is from a ~9.5-m long interval and 2 consecutive halfcored intervals that when combined equate to a ~9.5 m interval.
 4 consecutive half-cored intervals that combined equate to ~19 m.
o Average headspace gas means the average of all headspace samples taken
from a full-cored interval. Typically two headspace samples standardized to
5 cubic centimeters are taken from a core when values are high. By averaging
multiple measurements, consistency is improved and uncertainty caused by
lithologic variability and sample size is reduced.


A core with one sample that has methane concentrations over 75,000 ppmv will be
retested with a second sample if the core is >2 m long.



No Core Catcher samples will used in the headspace analysis



Coring will not be halted to wait on headspace gas results.

3.0.6 VIT vs Mini-ROV Seabed Surveys
The Greenland Bureau of Minerals and Petroleum (BMP) required that a seabed
survey be done at each site prior to spudding any hole. The intent was to ensure that any
sensitive biological communities would not be harmed as a result of the drilling operation.
In particular the agency was concerned about impacting colonies of hard corals and/or
sponges. Not only were these communities to be avoided upon spudding, the impact of the
drilled holes was also to be mitigated by ensuring that any buildup of cuttings generated
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from the drilling/coring process would not encroach on these organisms. Calculations were
made to estimate the size and extent of the potential cuttings pile for various penetration
depths.
Seabed surveys were done initially using a 40 m by 40 m square around the primary
site coordinates. Ultimately, because the penetration depths were considerably less than
originally anticipated, and the ROV measurements demonstrated that the cuttings mound
diameters tended to fall below 3 m in diameter. Therefore the survey area was reduced to a
30 m radius (Fig. 3.0-F13 and F-14).

Figure 3.0-F13. Cuttings mound volume calculations.

Figure 3.0-F14. Hole U0100A Cuttings Mound with Dimensions.
3.0-14

Chapter 3. Operations

Proceedings of the Baffin Bay
Scientific Coring Program

In an attempt to obtain higher resolution pictures, a mini-ROV contractor Advanced
Remote Marine Services (ARMS) was contracted to provide high-resolution video and still
pictures of each drill site. Although the photo and video data was of excellent quality the
actual operational deployment proved to be quite problematic. The mini-ROV required a
clump weight to be lowered to the seabed using a separate winch and cable located on the
starboard side midships opposite the moonpool. The mini-ROV was then lowered down
using the clump weight cable as a guy-wire. Current frequently overpowered the mini-ROV
thrust capability leading the operators to shorten the ROV tether (to reduce drag). This
meant the ship had to be maneuvered in DP mode in order to cover the required area of
seabed. At one point the various cables became tangled around the drill string and all had
to be retrieved back to the ship simultaneously. In addition, the pilot had great trouble
navigating straight grid lines which was required in order to perform an acceptable survey
in a reasonable amount of time (see figure below of typical ROV survey pattern). All in all a
significant amount of operating time was lost attempting to conduct adequate ROV seabed
surveys. The ROV seabed surveys typically required 6–8 hours, with problematic cases
such as Sites U0110 and U0070 taking as long as 13–14 hours Fig. 3.0-F15).

Figure 3.0-F15. ROV Seabed Survey Grid for Site U0070
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After talking with the Marine Mammal/Seabed Observers (MMSO’s) subsequent
seabed surveys were conducted using the IODP VIT frame mounted camera deployed
around the drill string and then moving the ship in dynamic positioning (DP) mode in a box
pattern to conduct the survey (Fig. 3.0-F16). The resolution of the video generated from
these surveys was considered adequate by the MMSO’s to ensure any biota community was
avoided. As it turned out, no biota colonies identified during any of the seabed survey’s
whether conducted by ROV or VIT The time required to conduct a VIT seabed survey was
on the order of 1 hour (Fig. 3.0 F-.17 and F18).

Figure 3.0-F16. VIT Seabed Survey Grid at Site U0021.
A Fugro “SeaBird” was deployed at each of the occupied drill sites. The SeaBird unit
recovered seafloor data on the water column. This included seawater salinity and
temperature measurements, which were then used to compute sea water density at the
seafloor. Seawater density was in turn used to compute the speed of sound through the
water column and was used in Precision Depth Recorder (PDR) water depth calculations. A
Fugro beacon was initially placed on the ROV allowing a very accurate hole position to be
determined after the seabed survey was completed and the drill bit was placed on the
seabed.
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Figure 3.0-F17. Close-up of suspended mini-ROV unit (note iceberg in background).

Figure 3.0-F18. Mini-ROV unit being deployed on starboard side.

3.0.7 Aborted Greenland BMP Visit & Shell Greenland Flyover
Representatives of the Greenland Bureau of Minerals and Petroleum (BMP) had
requested a 1–2 day visit to the JR at some point during the occupation of Greenland
waters. This was planned many times but ultimately never materialized. The helicopter
available to BMP in Greenland was not certified up to Shell standards and was therefore
not approved. Many weeks were spent locating and evaluating a potential boat to come out
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to the JR; however, this proved problematic as well. The first boat was considered
unacceptable to Shell as it did not meet their standards. The second boat considered, the
Dula Laso was an old converted police boat. Unfortunately at that point BMP did not have
anyone available for the trip. While this trip was in the planning stages the JR marine
department tested their new (never been launched before) Fast Recovery Craft (FRC) by
putting it in the water on the port side of the vessel. An assessment of the boat motion
relative to the JR made it readily apparent that this type of boat-to-boat transfer could only
be accomplished “safely” under the best of circumstances and with little or no swell or sea
state. The BMP transit boat could not come alongside the JR since neither vessel had the
required “Yokohama” fenders required to sustain an adequate separation between the two
sea-going vessels. Shell would not permit use of the JR #1 crane and “Billy Pugh” basket as
they did not meet their safety criteria. It therefore became apparent that 1) the visit and
required boat to boat transfer could only be accomplished under ideal conditions and 2)
even if the 3–4 BMP personnel were able to get safely aboard the JR, there was no
guarantee they would be able to get off and make the reverse transfer “safely” if sea state
and weather conditions were to deteriorate while they were on board. Ultimately, the JR
visit by Greenland BMP was cancelled.

3.0.8 Marine Mammal & Seafloor Observers (MMSO’s)
It was a requirement of Greenland that mammal observers be aboard to observe
wildlife identified on or around the drill sites located in Greenland waters. The observers
were contracted from Southwest Surveys and were of particular importance prior to and
during VSI logging when the ship’s air guns were being discharged. Mammal observers are
a required part of the IODP protocol for VSP/VSI logging activities. The observers also
participated in the seabed surveys conducted at all sites to ensure avoidance of any biotic
communities such as sponges or hard corals (Fig. 3.0-F19).

Figure 3.0-F19. MMSO Standing Watch.
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3.0.9 Pipe Loss/Drop at Site U0061
The following is the Drilling Department (ODL) incident accounting of the drill pipe
loss while operating in Hole U0061A. Coring operations were being conducted in Hole
U0061A at a depth of 768.6mbrf (162.1mbsf) when two icebergs were observed
approaching the vessel. The drill crew was notified by the bridge to pull the bit to
approximately 35mbsf as per the procedures in the Baffin Bay Ice Management Plan. The
string was being pulled with the top drive when high rotation torque, string weight over
pull, and circulation packing-off' around the string was encountered at 126.5mbsf. The
string became stuck at that point but was soon freed and was moved up by back reaming
the hole. The string appeared to come free at approximately 103.5 mbsf and was pulled up
to but was unable to pass 74.5mbsf. At this point the time remaining before the iceberg was
forecast to reach the ship was too little to allow continuing attempts to free the string and
to pull clear of the seafloor. It was determined that time did allow the deployment of the
wireline to retrieve the last core barrel which was still landed in the drill string. This was
required if an opportunity arose to release the bit and see if that allowed the pipe to be
pulled free. The wire line was deployed and the core barrel pulled to rig floor level however
the barrel was retained in the drill string because it was determined that there was no time
left for another wireline run to release the bit. Due to the proximity of the ice and its rate of
advancement towards the vessel, the decision was made to immediately release the drill
string to enable the ship move off location and avoid the approaching ice. The initial
method used in attempting to release the string was to sever the drill pipe at the moon pool
level with an oxygen/acetylene cutting touch. The torch was attached to a long extension to
position the cutter at a safe distance from the pipe. However, this method proved
problematic and had to be abandoned after several unsuccessful attempts. The drill string
was then landed in the drill pipe elevators at the rig floor and the drill pipe connection was
loosened using the Iron Roughneck. The string was hoisted off the elevators and the top
drive was used to apply counterclockwise rotation to unscrew the drill pipe connection and
release the drill string below the connection point. The bit depth at release was 85mbsf.
The vessel was then free to move away from the approaching iceberg.
The following additional information was taken from the Marine Department (ODL)
incident report. At the time of the incident the vessel was in full auto dynamic positioning
(DP) mode with all thrusters and shafts on-line. Weather and sea state conditions were
relatively benign with a wind speed of 5-7 knots at 085°, a swell of 1.0 m at 255°, pitch of
0.2° RMS, roll of 1° RMS, and heave of 0.7 feet peak to peak. Three main engines were online (skids 1, 3, & 4) and a 4th engine was requested and on-line just before the move-off
was required (skid #5). The target, ice observer #061-36 and Sperry radar #86 & 87, was
moving at an average speed of 0.6 kt slowing to 0.4 kt just prior to the incident. T-Time was
1.0 hr. At 0900 hr, the ice observers began tracking the iceberg (061-36) at a 5.9 nautical
mile range and a bearing of 087°. The ship’s crew continued to monitor the ice berg
throughout the morning and into the afternoon. The iceberg was tracked on the Sperry XBand as Target No. 86 & 88 after splitting into two discrete pieces. After reviewing the Ice
Management Plan and consulting the T-Time sheet currently in effect, it was decided that
vessel move-off time would be around 1700 hr when the iceberg was at distance of 1.5 Nm
from the vessel. This was above the required T-Time as required in the Ice Management
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Plan for the speed of this iceberg. The iceberg never came in contact with the vessel and its
closest point of approach was 0.154 Nm.
Time Line:
Drill floor notified to commence pulling out of the hole. Iceberg range 1.58
Nm at 080.1°.
19:30:
Iceberg closed within 0.30 Nm of the vessel
19:34
Commenced offset to port 50 meters @ 350°
19:49
Confirmation from drill floor that pipe was released, vessel continued to
move off location to open up CPA with iceberg.
20:44:
All hydrophone poles up and secure
21:55:
Back of site U0061 to recover positioning beacon.
17:12:

3.0.10 Possible Cyber Attack on Ship’s Network
On 21 August 2012, the shipboard Marine Computer Specialists (MCS’s) noted
particularly high and unusual internet traffic. The system was consistently being taxed to
its limit. After checking shipboard usage it became clear that the internet loading that was
saturating the available bandwidth was coming from somewhere off the vessel and was not
being generated aboard ship. The incident was immediately reported to IODP/TAMU shore
based personnel as well as the shipboard Shell representatives all of whom immediately
began looking into the incident. After discussions with IODP shore personnel, the Texas
A&M IT department blocked the site generating the traffic and this corrected the problem
aboard ship. Early indications were that the “malformed packets” of data saturating the
bandwidth appeared to be coming through an AT&T internet services provider. While it is
possible to fake this information computer personnel indicated that this had all of the
attributes of a “Denial of Services” (DOS) cyber internet attack. The incident remains under
investigation by the appropriate TAMU personnel.
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4.1 Site Summary
4.1.1 Background and Objectives
Site U0110 (74.75537°N, 62.55702°W, 318.8 m water depth) was one of seven
primary sites targeted for the Baffin Bay Scientific Coring Program (BBSCP). The site was
originally denoted as Site SC-11 by the consortium of companies planning the project, as
Site 7 in the GEMS Geophysical Report (GEMS International Group of Companies, 2011,
unpublished report), as Site USC110 prior to the start of BBSCP, and, once coring began, as
Site U0110 to comply with site-naming conventions commonly used on the JOIDES
Resolution.
Site U0110 is located on the northwest Greenland continental shelf, on the east side
of the Melville Bay Ridge and near the western edge of the Melville Bay Graben (Fig. 4.1-F1
and 4.1-F2). The seismic reflection profiles across the site show a flat-lying sequence of
younger sediments, interpreted prior to the expedition as Quaternary glacial sediments,
overlying an ENE dipping sequence of pre-Quaternary strata (Fig. 4.2-F3).
The upper 425 m of pre-Quaternary sediments (~125–550 mbsf) were targeted at
Site U0110. The primary objectives for coring were to:




Obtain stratigraphic information about the cored section, with a focus on the
lithologies, ages, and paleoenvironmental settings;
Estimate potential source rock characteristics;
Determine the physical properties of the rock units for evaluating potential
reservoir properties and improving seismic velocity models (depth vs. time curves).

A secondary objective, of interest to the science team and approved by the consortium of
companies who funded the BBSCP, was to study the Quaternary section to learn more
about the glacial history of Greenland.
Prior to coring, the Quaternary section was estimated to be between 100 and 150 m
thick. Depth estimates were made assuming the seismic velocity was a constant 2700 m/s.
The underlying tilted sedimentary section was thought to be overlain by a thin veneer of
Tertiary sediment that was separated from the underlying tilted units by an Eocene
unconformity. The tilted section was thought to be Cretaceous age, with few constraints on
whether it was Early or Late Cretaceous.
The coring plan was to attempt advanced piston coring (APC) in as much of the
Quaternary section as possible, switch to extended core barrel (XCB) coring as required by
changes in lithology, and then core with XCB to about 300 mbsf in one hole before
conducting an intermediate logging run with a vertical seismic profile to determine the
seismic velocity. This was to be used to make better estimates of the true depth of
reflectors that were at 850 ms two way travel time (TWT) (this time includes 446 ms TWT
in the overlying water column), corresponding to an estimated depth of 550 mbsf. A second
borehole cored with the rotary core barrel (RCB) was to reach the targeted total depth.
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The geophysical site survey data from the GEMS report indicated that the seabed
was scarred with iceberg plow marks and had visible cobble-sized clasts in seabed
photographs (Fig. 4.1-F2). Hence, coring with the APC was considered risky but the
underlying sediment could potentially have been soft enough to penetrate rapidly
downhole with the APC while attaining good recovery and acquiring better samples for
headspace gas, mechanical properties, and paleoclimate studies. As discussed in section
“4.2 Operations” and below, the plan quickly shifted from even attempting APC coring
when boulder-sized clasts were observed during the pre-spud ROV survey. Further
changes in the plan were necessitated by the slow penetration rate through the clast-rich
Quaternary sediments and the high methane concentrations encountered downhole (see
sections “4.2 Operations” and “4.5 Geochemistry”)

Figure 4.1-F1. Structural elements of Melville Bay area (after Whittaker et al., 1997).
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Figure 4.1-F2. Site locations with bathymetry and seismic lines.

Figure 4.1-F3. Crossing seismic reflection profiles through Site U0110.
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4.1.2 Coring Summary
Three holes were cored at Site U0110, with Holes U0110A and B each consisting of a
single XCB core that penetrated only a few meters below the mudline (Table 4.1-T1). Core
recovery was 71% in Hole U0110A and 62% in Hole U0110B. Hole U0110C penetrated
182.9 mbsf with the RCB coring system and had average recovery of 34% for the 29 cores
recovered. Core recovery in Hole U0110C was variable, with less than 15% recovery for
Cores U0110C-5R to -11R, -21R, and 26R and -16R to -19R and more than 60% recovery
for Cores U0110C-3R, -4R, -12R to -15R, and -28R and -29R (Table 4.1-T2).
In total, 66.1 m of core were recovered, with 39.44 m in the Quaternary section and
the other 26.66 m in the pre-Quaternary section. Each core took on average 2.5 hrs to
collect. This includes wireline time, any time that was taken to wait for headspace gas
results from the prior core before coring was resumed, and other operations that took
place between cores that delayed core recovery. Using this time, the recovery rate was
between 0.6 and 9.5 m/hr, with an average of 3.2 m/hr (Table 4.1-T2). Additional coring
statistics are provided for the holes, cores, and sections in Tables 4.1-T1, -T2, and -T3,
respectively.

4.1.3 Science Results
4.1.3.1 Lithology
The stratigraphic succession recovered at Site U0110 is divided into two
lithostratigraphic units that are separated by a substantial hiatus at 124.53 mbsf (see
section “4.3 Lithostratigraphy”) (Fig. 4.1-F4). Lithostratigraphic Unit I (0–124.53 mbsf)
consists of a thin (~3 m) upper zone of dark gray mud, underlain by ~122 m of muddy
clast-rich diamict.
Lithostratigraphic Unit II (124.53–182.26 mbsf; Cores U0110C-22R through -29R)
consists of interbedded sandstones and carbonaceous mudstones/coal, carbonaceous
mudstones/claystones, muddy sandstones, mudstones, siltstones, and coal. The claystones
and the finer-grained end-member of the mudstones would more generally be classified as
shales, but are differentiated in our classification scheme to document grain size variations
more precisely (see section “2.3 Lithostratigraphy” in “Chapter 2. Methods”). The color of
nearly all the rocks in Lithostratigraphic Unit II, with the exception of some sandstones and
siltstones, is typically dark gray to black, attributed largely to the moderately high total
organic carbon (TOC) content, which averages over 5% with several intervals over 20%
TOC (see section “4.6 Geochemistry”) (Fig. 4.1-F4).
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Table 4.1-T1. Hole summary for Site U0110.

Table 4.1-T2. Core summary for Site U0110.
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Table 4.1-T3. Section summary for Site U0110.
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4.1.3.2 Ages
The age of Lithostratigraphic Unit I (glacial sediments) is constrained by diatoms
and magnetostratigraphy (Table 4.4-T1 in section “4.4 Chronostratigraphy”). Moderately
well preserved diatoms occur in the muds collected from Holes U0110A and B. The
presence of a reasonably diverse Pleistocene assemblage (see section “4.4.2.3 Diatoms”)
and absence of Proboscia curvirostris (last appearance datum [LAD] 0.295–0.305 Ma) and
Thalassiosira jouseae (LAD 0.295–0.305 Ma) constrains the age to the late Pleistocene to
Holocene (<0.305 Ma). Additional support for this age comes from the rare occurrence of
benthic foraminifera species that are common to the Arctic throughout the Quaternary and
present on the Greenlandic shelf today. The age of the glacial sediments below about 3
mbsf is poorly constrained other than by its consistent and well-defined normal polarity,
which is interpreted to fall within the Brunhes Chron (0–0.781 Ma) (Fig. 4.1-F4). One
exception to this consistent normal polarity is a short reversed polarity interval (9.8–11.5
mbsf) recorded in Core U0110C-2R, which is interpreted as one of the geomagnetic
excursions known to occur within the Brunhes.
Lithostratigraphic Unit II contained no diatoms, calcareous nannofossils,
foraminifera, or age-diagnostic dinoflagellates. Cicatricosisporites spp. spores and bisaccate
pollen assemblages characteristic of the late Early Cretaceous (~100–120 Ma) occur in
three coal-rich samples (U0110C-22R-CC, 0-5 cm at 132.05 mbsf; -25R-2, 94-96 cm at
146.10 mbsf; and 27R-CC, 9-12 cm at 162.93 mbsf). This age range falls within the
Cretaceous Long Normal Polarity interval (Superchron C34n; 83.64–125.93 Ma), which is
consistent with the observed normal polarity of the recovered sediment.
4.1.3.3 Facies and Paleoenvironmental Setting
The lithologic succession was subdivided into eight lithofacies with distinct
characteristics that provide evidence of the paleoenvironmental setting (see “4.3
Lithostratigraphy”). Facies 1, the dark gray mud in the uppermost few meters of
Lithostratigraphic Unit I, is interpreted as postglacial hemipelagic to distal glacimarine
mud, based on its characteristics and its stratigraphic position. Facies 2, muddy clast-rich
diamict that comprises the rest of Lithostratigraphic Unit II, is interpreted as proximal
glacigenic sediments. This facies probably formed as basal tills beneath grounded ice (i.e.,
“lodgement tills”) and as “rain-out tills” beneath ice shelves, with the latter interpretation
supported for at least a few of the diamict intervals by the presence of marine macrofossils
and microfossils.
Facies 3 through 8 occur only in Lithostratigraphic Unit II. Facies 3, a medium- to
coarsed-grained standstone, is confined to the top ~1 m of Lithostratigraphic Unit II (in
Section U0110C-22R-1). This facies records a high-energy environment. The poor core
recovery in Core U0110C-21R (only 3%) makes it difficult to establish the thickness of the
facies or its exact relationship relative to the overlying diamict.
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Facies 4, interstratified dark gray sandstone and very dark gray to black
carbonaceous sandstone/carbonaceous mudstone/coal, is the most abundant lithofacies
distributed throughout Lithostratigraphic Unit II. Most beds of this “heterolithic” facies are
internally complex, with horizontal or subhorizontal stratification at the scale of thick
laminae to thin beds. Cross-stratification is present, including some high-angle climbing
ripples and abundant mud drapes (such as the features present in the image used for the
header of this chapter). The abundance of cross-stratification at a range of scales and the
abundance of muddy/coaly drapes record alternating periods of bedload transport and
deposition from suspension, implying large variations in current intensity with repeated
periods of quiet water. Climbing ripples indicate episodes of decelerating flow with a highsuspended sediment load. Bioturbation is locally intense but records a low-diversity
ichnofauna, dominated by Planolites, small Palaeophycus, and possible Thalassinoides. This
suggests a marine or brackish environment, possibly stressed by either low salinity or
abundant suspended sediment; the latter is consistent with other suggestions of rapid
sediment supply, such as the presence of soft-sediment deformation features. Coalified
wood fragments are also present in some intervals. Facies 4 is also located stratigraphically
adjacent to carbonaceous mudstones and coals of Facies 5, 6, and 7, indicating lateral
proximity to the environments of these other facies. Together, these lines of evidence
strongly support the interpretation of Facies 4 as having been deposited in a marginal
marine setting with abundant sediment supply. More specific possibilities include a tideinfluenced delta/coast, lagoon or estuary, or the distal distributary systems of a riverdominated delta.
Facies 5, 6, and 7 are differentiated from each other by color, density, amount of
organic matter, and intensity of bioturbation. Facies 5 is represented by a single ~20 cm
bed of gray mudstone with mm-scale laminae, located at the base of Section U0110C-22R-1
(~130.6 mbsf). Facies 6 is a very dark gray to black carbonaceous mudstone, which is
darker in color, has more organic matter, and has slightly shinier fracture surfaces than
Facies 5. Facies 7 is black coal, which has shinier surfaces and is less dense than the
carbonaceous mudstone of Facies 6. Bioturbation is heavy in Facies 5, sparse to heavy in
Facies 6, and absent in Facies 7. Facies 5, 6, and 7 are interpreted to record environments
dominated by extended periods of low-energy conditions. Differences in organic matter vs.
terrigenous sediment and intensity of bioturbation indicate that these three lithofacies
record an environmental gradient from the more marine to the more terrestrial portions of
this marginal marine setting. Within this gradient, Facies 5 is the most “marine” endmember, dominated by clastic input. The carbonaceous mudstones of Facies 6 record
intermediate settings, where clastic sediment supply was mixed with appreciable amounts
of coastal subaerial vegetation. The coals of Facies 7 are interpreted as in situ deposits on
the landward edge of this environmental gradient, either in coastal tidal marshes or in
coastal freshwater swamps.
Facies 8 is gray, greenish gray, and pinkish gray siltstone with a carbonate cement
recovered in the last three sections of Core U0110C-29R. It is the deepest material
recovered at Site U0110. Facies 8 exhibits remnants of primary stratification, subsequently
disrupted by fragmentation and the physical introduction of a silty/sandy component
between the siltstone/claystone intraclasts. These disruption characteristics, as well as the
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development of drab halo mottling, are consistent with pedogenic processes; thus, Facies 8
is interpreted as a paleosol.
A late Early Cretaceous setting that was marginal marine to coastal for Site U0110 is
consistent with the broad range of carbon/nitrogen (C/N) ratios measured, which include
low C/N ratios consistent with marine algae and high C/N ratios consistent with vascular
land plants (Fig. 4.1-F4).
4.1.3.3 Physical Properties
A plethora of measurements along with data analysis and modeling provide insights
into the physical properties of the sediments and sedimentary rocks at Site U0110. The
Quaternary diamict is notable for the relatively constant P-wave velocities (averaging 2300
m/s) and densities (averaging 2.32 g/cm3), with the exception of large clasts. The diamict
has an average porosity of 22% and an average magnetic susceptibility of 43  10-4 SI.
In Lithostratigraphic Unit II, the claystones, mudstones, siltstones, sandstones, and
coals varied in their physical properties (see section “4.5.3.2 Lithostratigraphic Unit II”).
Magnetic susceptibility was generally low, averaging 410-4 SI, about an order of
magnitude lower than in the diamict. Porosities average about 14%, with low values
(<10%) occurring in the lowest carbonate-cemented siltstone unit. Grain densities average
between 2.59 and 2.75 g/cm3 for all lithologies except coal, which has grain densities as low
as 1.8 g/cm3. The coal content was estimated for some of the carbonaceous units using
their grain densities (see “4.3.2 Modeled Coal Content of Facies 3 Through 7”). The highest
coal content (70%) occurs in a bed in the base of Section U0110C-25R-2 (~146 mbsf). NGR
values vary from about 40 to 140 counts/s, with lower values being associated with
silty/sandy units and higher values with mudstones and claystones.
P-wave velocities for all the main lithologies of Lithostratigraphic Unit II except coal
exceed the 2700 m/s estimate used in pre-cruise velocity models. The fastest velocities
occur in the claystones (4300 m/s), cemented siltstones (3900 m/s), and mudstones (3000
m/s). P-wave velocities were observed to be about 4% slower in the vertical direction than
in the horizontal plane. P-wave velocities from discrete samples from both
lithostratigraphic units were used to construct a two way travel time vs. depth curve in
order to predict depths to reflectors. Because core recovery was poor in some intervals, the
modeled curves have greater uncertainty than is ideal, but are still capable of providing
end-member models that have predictive power.
4.1.3.3 Geochemistry
Perhaps one of the more interesting aspects of Site U0110 was the extremely high
methane (C1) gas concentration (see section “4.6 Geochemistry”). Ethane (C2) contents
were low, and so the C1/C2 ratio was high (>1000) and the gas was interpreted to be
biogenic rather than thermogenic. The concentrations of this biogenic methane reached
values comparable to some of the highest values observed in the history of the Ocean
Drilling Program and the Integrated Ocean Drilling Program.
The first notable increase in methane occurred in Core U0110C-12R, which
penetrated the prominent seismic reflector at ~70 mbsf (Fig. 4.1-F3). The methane in this
core (3912 ppmv) is about three orders of magnitude higher than in cores from the upper
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25 m of the diamict (Fig. 4.1-F4). Another step increase in methane occurred across the
unconformity at ~125 mbsf, with a methane concentration of 30,286 ppmv in Core
U0110C-22R, and a high of 443,429 ppmv in Core U0110C-25R. Another high value
(214,991 ppmv) occurred in Core U0110-27R. These high methane concentrations resulted
in the end of coring operations at Site U0110 and required that the hole be plugged with
heavy drilling mud to ensure that no gas flowed from the borehole.
Total organic carbon in Lithostratigraphic Unit II typically ranges from 1 to 6 wt%,
but exceeds 20 wt% in some of the carbonaceous mudstones and coals (Fig. 4.1-F4).
Organic content estimates from Source Rock Analyzer (SRA) pyrolysis results are in good
agreement with the results of the carbon and elemental analyses. The raw S1, S2, and S3
values are generally low, with somewhat low hydrogen indexes (most samples <110
mg/gC). The exceptions are the samples with very high organic carbon content that have
hydrogen indexes up to 527 mg/gC (e.g., Sample U0110C-24R-1, 10 cm). Plotting hydrogen
index versus oxygen index indicates that the sediments contain Type I-II organic matter,
suggesting a dominant origin from aquatic plants as opposed to vascular land plants. The PI
values average about 7%, consistent with fractional conversion (transformation ratio) of
kerogen to hydrocarbons in the range of 0.05 to 0.1. The Tmax is on average 442°C for
samples with greater than 2% TOC. Use of the (cautionary) empirical correlation of Peters
et al. (2005) gives an estimate of vitrinite reflectance of 0.77% to 0.80%.

4.1.4 Highlights
Although coring at Site U0110 reached a depth of only 182.9 mbsf rather than the
intended depth of 550 mbsf, the site was successful at accomplishing many of the
objectives, as well as discovering exceptionally large biogenic methane concentrations
within the Cretaceous sediments. The highlights for Site U0110 include:







Determining that the primary lithologies in the pre-Quaternary section are
sandstones, carbonaceous mudstones, carbonaceous claystones, muddy sandstones,
mudstones, siltstones, and coal, and that the Quaternary section is an overconsolidated clast-rich diamict.
Estimating the age of the units underlying the diamicts as late Early Cretaceous
(~100-120 Ma) from the presence of pollen and spores.
Finding that no apparent Tertiary section underlies the Quaternary glacial
sediments, and that the unconformity at ~125 mbsf is a glacial erosion surface, with
a hiatus of at least 100 m.y.
Reconstructing the paleoenvironmental setting from sedimentological,
paleontological, and geochemical evidence to conclude that Site U0110 was located
in a marginal marine to coastal setting in the late Early Cretaceous.
Characterizing the seismic velocity, porosity, and density of the rock units and using
them to predict depths to seismic reflectors and to estimate coal content in
carbonaceous lithologies.
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Discovering very high concentrations of biogenic methane gas and showing that this
gas is partially trapped beneath the uppermost 70 m of glacial sediment and more
effectively trapped beneath the full ~125 m thick glacial overburden.
Showing that the source rock potential of many of the carbonaceous units in
Lithostratigraphic Unit II are promising for oil and gas generation, as indicated by
high organic matter content, high hydrogen index, relatively high S2/S3 ratios, and
Tmax = 442°C.

4.1.5 References
Peters, K.E., Walters Jr., C.C., and Moldowan, J.M., 2005. The Biomarker Guide. 2nd Edition,
Cambridge Univ. Press.
Whittaker, R.C., Hamann, N.E., and Pulvertaft, T.C.R., 1997. A new frontier province offshore
northwest Greenland: structure, basin development, and petroleum potential of the
Melville Bay area. American Association of Petroleum Geologists Bulletin, 81, 978–998.
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4.2 Operations
4.2.1 Port Call Activities and Transit to Site U0110
The JOIDES Resolution (JR) arrived in St. John's, Newfoundland at the end of
Integrated Ocean Drilling Program (IODP) Expedition 342 (Paleogene Newfoundland
Sediment Drifts) at 1705 hrs on 30 July 2012, one day earlier than had been expected. This
marked both the end of Expedition 342 and the start of port call activities in preparation
for Expedition 344S, the Baffin Bay Scientific Coring Program (BBSCP). Note, all times are
given in local times (= UTC – 2.5 hours for St. John’s and = UTC – 2 hours for all coring
sites).
Port call activities included refueling, loading supplies for the BBSCP, and
mobilization meetings, with presentations by Shell and Overseas Drilling Limited (ODL) for
all BBSCP participants. These meetings covered health, safety, cultural awareness, security,
and environmental issues as well as providing information to all about the cruise. The
science party participated in an additional science presentation given by Hermann
Laufferts from Shell, who provided an overview of the coring plan and objectives at each
proposed site.
The JR departed from St. John’s at 0815 hrs on 5 August 2012, on route to Site
U0110 (see Table 4.2-T1 for a summary of Site U0110 operations and Fig. 4.2-F1 for the
ship track). The ship averaged 11.6 knots on the 1727 nmi (3198 km) transit and arrived at
Site U0110 at 1418 hrs on 11 August 2012 (Fig. 4.2-F1). The three marine mammal and
seabird observers (MMSOs) conducted observation transects along the way. The transit
was uneventful except for the evening of 10 August, during which visibility was reduced
due to fog and 29 icebergs were tracked on radar with five icebergs approaching within 3
nmi of the ship. Three growlers were also observed.

4.2.2 Site U0110 Operations
Operations at Site U0110 began at 1418 hrs on 11 August. The first 32 hours were
used for conducting extensive positioning tests for Fugro, conducting a ROV survey of the
seafloor, and confirming the site location, as outlined in detail in Table 4.2-T1 and
illustrated in Figure 4.2-F2. Coring began at 2215 hrs on 12 August.
The boulder and cobble strewn seafloor and the underlying glacial sediment (clastrich diamict) proved difficult to core. Much of the difficulty resulted from the need to first
penetrate deeply enough to partly bury the bottom-hole assembly (BHA) before being able
to apply sufficient weight on the bit to core more effectively through the hard clasts, which
were dominantly composed of gneiss and granite (see section “4.3 Lithostratigraphy”). The
extended core barrel (XCB) system proved ineffective at this task after two attempts (Holes
U0110A and B). Nearly five hours of rotating time in Hole U0110A resulted in only 3 m of
penetration. The hole was abandoned to try for a less rocky location nearby. Hole U0110B
provided similar results with nearly three hours of rotation penetrating only 2 m. Given the
lack of progress, the pipe was tripped back to the rig floor and the rotary core barrel (RCB)
BHA was bit was installed.
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Figure 4.2-F1. Transit from St. John’s to Site U0110. The red track shows the ship track with
midnight positions shown as the black and red dots.
Hole U0110C was spudded with the RCB system at 1510 hrs on 13 August 2012. The
RCB was more successful at coring through the glacial sediments although recovery was
low. Coring was slow (~5 m/hr) but steady down to Core U0110C-11R (71.80 mbsf), at
which time operations were suspended briefly (1.75 hours) as a growler passed near the
ship. Coring resumed with the collection of Core U0110C-12R (71.8–76.4 mbsf). This was
considered deep enough to have penetrated through the only significant seismic reflector
in the flat-lying Quaternary section, which was estimated to be at a depth of ~70 mbsf (see
section “4.1 Site Summary”).
Pre-cruise planning required that coring stop briefly after penetrating this reflector
to “bubble” watch, or more precisely to observe for “outflow” from the borehole, using the
ROV. This was a precautionary measure, as the Quaternary overburden was considered
thick enough to trap gas in the underlying tilted pre-Quaternary section. No bubbles were
detected. The methane gas content for the headspace sample from Core U0110C-12R
(71.8–76.4 mbsf) was, however, two orders of magnitude higher than that from the cores
above (see section “4.5 Geochemistry”). This amount of methane (3,912 part per million by
volume [ppmv]) is not exceptional and the amount of ethane (1.49 ppmv) was negligible.
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The high ratio of methane (C1) to ethane (C2) indicated that the methane had a biogenic
rather than thermogenic origin. Coring proceeded down to Core U0110C-19R (114.7–119.7
mbsf) with no substantial change in gas composition or amount, although recovery was
relatively poor in several cores (U0110C-16R through 19R) and no headspace gas samples
could be collected. After consultation with management on shore, a decision was made to
conduct another ROV outflow survey of the borehole before collecting the next core. Again,
no flow was observed.

Figure 4.2-F2. Planned and actual operations at Site U0110.
Coring resumed at 1815 hrs on 15 August. Core U0110C-20R (119.7–124.4 mbsf)
recovered another 1.02 m of Quaternary clast-rich diamict. The headspace gas result from
this was comparable to samples above. Only a few cobbles were recovered in Core U0110C21R (124.4–129.4 mbsf) and no headspace analysis was possible. The next core (U0110C22R) penetrated the base of the Quaternary section and recovered virtually only preQuaternary sediment and gave a headspace methane gas measurement of 30,286 ppmv
(see Figure 4.6-F1 in section “4.6 Geochemistry”), an order of magnitude more than in the
cores from the Quaternary section and comparable to values observed in Santa Barbara
Basin of California (George Claypool, personal communication). The Santa Barbara Basin is
one of the more gas-rich environments cored by the Ocean Drilling Program and so
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headspace gas was monitored very closely, with results generally being available before the
next core was retrieved and in some cases before coring the next interval began.
The methane gas in Cores U0110C-23R (134.1–139.1 mbsf) and 24R (139.1–143.7
mbsf) decreased by an order of magnitude relative to Core U0110C-22R. Headspace gas
increased up to 443,429 ppmv methane and 130 ppmv ethane in Core U0110C-25R (143.7–
148.7 mbsf) with C1/C2 of 3,411 (99.97% methane) and the first appearance of trace (7
ppmv) propane. The high gas content was confirmed with a second measurement from the
same sample that was measured on the Natural Gas Analyzer (NGA) gas chromatograph
(GC), which detects C1–C7 hydrocarbons and non-hydrocarbons. This high amount of
methane had only been observed in the past by the geochemist for a sample of air taken
directly above a piece of hydrate (George Claypool, personal communication).
The hydrate stability field was considered to be much shallower than the depth of
pre-Quaternary cores. Thus, even though the gas was biogenic methane, there was concern
that so much methane was being observed at a depth where hydrate was unlikely.
Subsequent calculations by George Claypool indicated that the hydrate stability field is very
sensitive to bottom-water temperature. At the temperature measured by Fugro (1.8°C),
hydrate would not be stable at the seafloor or any depth at Site U0110. Similar bottomwater temperature estimates are given in the GEMS Operations Report (GEMS
International Group of Companies, 2011, unpublished report) provided by Shell. Bottomwater temperature needs to be at least 1.2°C for hydrate to be stable at the U0110 seafloor
depth (~330 m) and <1°C for it to be stable sub-seafloor at the depths where high methane
was encountered, such as Cores U0110C-25R and -28R. Such cold bottom-water
temperatures are probably not out of the question because the measured temperatures are
all taken in the summer months rather than during the colder seasons.
Gas content dropped back to 45,923 ppmv in Core U0110C-26R (148.7–167.8 mbsf),
and then increased to 215,000 ppmv in Core U0110C-27R (167.8–177.3 mbsf) and was still
essentially pure methane. The cores were noted to degas (fizz) when they were split,
indicating methane gas was trapped in the pore spaces, possibly as hydrate, and was
escaping as the cores warmed.
Headspace gas in Section U0110C-28R-5 (~173 mbsf) was 13,466 ppmv with a
C1/C2 of 10,860. While the sections from Core U0110C-28R were in sealed core liners and
were equilibrating to lab temperature, the curator noticed bulging end caps and drilled
small holes to relieve the pressure. Some mist with distinct hydrocarbon odor was expelled
from the holes drilled. A sample of the air inside the core liner was withdrawn from Section
U0110C-28R-2 (~169 m) and analyzed on the NGA GC. The results showed 151,605 ppmv
C1, 13.7 ppmv C2, and 4,770 ppmv isopentane. None of the other common natural gasgasoline-range hydrocarbons (propane, butane, n-pentane, or hexanes) were observed.
This indicated that the cores contain large amounts of biogenic gas plus some isopentane.
The isopentane could be derived from terpenoid compounds commonly associated with
thermally immature land plant debris (resins, etc.), but it is also present in acetone used for
sealing the end caps of each core section. There is no evidence from any of the cores for
migrated thermogenic hydrocarbons. Core U0110C-29R (177.3–182.9 mbsf) was the last
core at this site (a dense siltstone with carbonate cement). The gas sample contained only
4,577 ppmv methane and no other detectable hydrocarbons.
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Due to the high biogenic methane measurements in Cores U0110C-25R and -28R, a
decision was made to use the ROV to conduct another outflow survey of the borehole after
Core U0110C-29R. The ROV images made at ~1330 hrs on 16 August showed clear
indication of flow out of the hole. The flow was mainly in the form of swirling mud that was
entrained in the more buoyant fluid coming out of the hole. The appearance was somewhat
similar to the swirl of smoke over a small campfire. No bubbles were observed nor were
white flakes observed, which could have indicated hydrate. Given the small size of bubbles
observed fizzing out of the cores in the core laboratory, the flow was likely the result of
similar degassing from downhole. Although this may have been expected for formation
with hydrate, the uncertainty as to the origin of the methane gas was sufficient for coring
operations to be halted.
To ensure the flow was stopped, the hole was filled with 10.5 ppg weighted mud and
another ROV dive was planned, but, given the sea state, the ROV could not be deployed
safely. Instead, the IODP VIT camera was lowered to just above the cuttings mound and a
very clear image showed that no flow was occurring.
After completion of the VIT deployment, the camera was pulled up, the pipe tripped
out of the hole and to the rig floor, and the positioning beacon recovered. Site U0110
officially ended at 0215 hrs on 17 August 2012.
4.2.2.1 Return to Hole U0110C
Following the completion of Site U0080, the JR returned to Hole U0110C to conduct
another survey of the borehole, with the goal of determining if any flow was occurring out
of the plugged hole given that the mud had had over six days to set. Two dives were
conducted on the night of 22 August and into early morning of 23 August. No gas was
observed escaping from the hole. The JR departed Site U0110 at 0145 hrs on 23 August,
concluding all operations at Site U0110.
Table 4.2-T1. Site U0110 Operations
Date

Time (hrs)

Hours

Location

Activity

5-Aug-12

0815

0.00

St. John's

Depart St. John's.

5-Aug-12

0815-2400

15.75

Transit

In transit to Site U0110 (formerly referred to as SC-11 and
USC110).

6-Aug-12

0000-2400

24.00

Transit

In transit to Site U0110. 289 nmi travelled.

7-Aug-12

0000-2400

24.00

Transit

In transit to Site U0110. 265 nmi travelled.

8-Aug-12

0000-2400

24.00

Transit

In transit to Site U0110. 295 nmi travelled.

9-Aug-12

0000-2400

24.00

Transit

In transit to Site U0110. 276 nmi travelled.

10-Aug-12

0000-2400

24.00

Transit

In transit to Site U0110. 266 nmi travelled. Icebergs and fog present
along the transit path.

11-Aug-12

0000-1415

14.25

Transit

In transit to Site U0110. 164 nmi travelled. Arrive at Site U0110 at
1418 hrs. Total transit of 1727 nmi completed with an average
speed of 11.6 knots.
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Date

Time (hrs)

Hours

Location

Activity

11-Aug-12

1415-1545

1.50

Site
U0110

Lower thrusters/hydrophones. Switch from cruise mode (bridge
control) to DP control. Position ship over coordinates.

11-Aug-12

1545-2400

8.25

Site
U0110

Deploy Fugro positioning beacon and conduct Fugro positioning
system calibration testing. Deploy and test ROV system. During
Fugro calibration, layout upper guide horn, pick up drill collars,
space out core barrels, make-up APC/XCB bottom-hole assembly
(BHA), lower drill string to one stand off bottom (276 mbrf).

12-Aug-12

0000-0845

8.75

Site
U0110

Continue above activities

12-Aug-12

0845-1100

2.25

Site
U0110

Rig up and deploy ROV for pre-spud seafloor survey. ROV thruster
flooded at 20 m. Recover ROV to fix leak.

12-Aug-12

1100-1300

2.00

Site
U0110

Troubleshoot & repair ROV. Disconnected failed ROV and installed
back-up ROV. Deploy ROV #2 at 1300 hrs.

12-Aug-12

1300-1500

2.00

Site
U0110

12-Aug-12

1500-1645

1.75

12-Aug-12

1645-1800

1.25

12-Aug-12

1800-1815

0.25

Hole
U0110A

Offset vessel to Hole U0110A, located ~10 m ESE of the primary
hole position coordinates.

12-Aug-12

1815-2045

2.50

Hole
U0110A

Tag seafloor at 330 mbrf. Confirm position coordinates with
Fugro/ROV system. Spud Hole U0110A with XCB at 2045 hrs.

12-Aug-12

2045-2215

1.50

12-Aug-12

2215-2400

1.75

13-Aug-12

0000-0300

3.00

Hole
U0110A

XCB coring to 332.97 mbsf. Decision made to abandon hole. Cleared
seafloor and recovered the first XCB core on deck at 0300 hr.

13-Aug-12

0300-0530

2.50

Hole
U0110B

Spud Hole U0110B. Cut first XCB core from 330.0 mbsf to 331.97
mbsf (2.0 m advance). Decision made to abandon XCB coring. Clear
sea floor at 0450 hrs. Core recovered on-deck at 0530 hrs.

13-Aug-12

0530-0900

3.50

Hole
U0110B

13-Aug-12

0900-1515

6.25

Hole
U0110C

13-Aug-12

1515-2400

8.75

Site
U0110
Site
U0110

Hole
U0110A
Hole
U0110A

Hole
U0110C

ROV #2 deployed, but the Fugro beacon was not on. Recover ROV,
turn on beacon, and install Kellems grip on cabling. Redeploy ROV
#2 at 1500 hrs.
Deploy ROV #2 to seafloor and prepare equipment for seafloor
survey.
Survey seafloor within 25 m of primary site coordinates.

Recover ROV.
Attempt XCB coring from 330.0 to 331.0 mbsf. Hard and slow
drilling.

Set back top drive and pull out of hole (POOH). Layout non-mag
drill collar and seal bore drill collar. Bit clear of rotary table at 0900
hrs ending Hole U0110B.
Make up RCB BHA and space out RCB core barrels. Run in hole
(RIH) with RCB BHA to 312 mbrf. Tag seafloor at 1510 hrs at 330
mbrf.
Continuous RCB wireline coring from 330 mbrf to 344 mbrf (14.0
mbsf). RCB Core 1R on-deck at 2045 hrs. Half cores cut due to slow
rate of penetration (ROP) and desire to enhance recovery. Head
space methane gas increased from background levels (<5 ppmv) to
80 ppmv in Core 10R but the gas was biogenic.
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Hours

Location

Activity

19.50

Hole
U0110C

Continuous RCB wireline coring from 344 mbrf to 401.8 mbrf (71.8
mbsf). RCB Core 11R on-deck at 1920 hrs. ROP highly variable
ranging from <1.0 m/hr to >10.0 m/hr depending upon quantity
and size of dropstones/boulders encountered. Recovery poor due
to same. No head space gas sample could be collected

1.75

Hole
U0110C

Suspend coring operations due to growler in very close proximity
to vessel. Standby for instructions from bridge as to whether
evasive action required. Turned ship. Growler passed safely along
starboard side. Coring operations resumed

2.75

Hole
U0110C

Resume RCB coring operations. Cut and recover Core 12R from a
depth of 406.4 mbrf (76.4 mbsf). ROV deployment scheduled after
next half core. Headspace methane increased to 3912 ppmv, but
still biogenic.

15-Aug-12

0000-0230

2.50

Hole
U0110C

Continuous RCB wireline coring from 406.4 mbrf to 411.4 mbrf
(81.4 mbsf). RCB core 12R on deck at 0225 hrs. ROP and recovery
continued to be highly variable depending upon quantity and size
of dropstones/boulders encountered. Headspace gas similar to
previous core.

15-Aug-12

0230-0530

3.00

Hole
U0110C

Deployed and recovered ROV for bubble observation and cuttings
mound surveys at Holes U0110A/B/C. No observed bubbles or
outflow.

15-Aug-12

0530-0600

0.50

15-Aug-12

0600-0630

0.50

15-Aug-12

0630-1230

6.00

Hole
U0110C
Hole
U0110C

RIH to total depth (TD). Four meters of fill on bottom.
Circulate out fill. Sweep hole with high-viscosity mud.

Hole
U0110C

Resume RCB coring operations. Cut and recover Cores 13R through
18R to a depth of 114.7 mbsf. Headspace methane remained <4000
ppmv and biogenic.

15-Aug-12

1230-1415

1.75

Hole
U0110C

Decision made to cut one additional half core to 119.7 mbsf while
preparing ROV for deployment. If no sediment recovery in Core
19R then ROV was to be deployed for another bubble watch. Cut
and recovered RCB Core 19R. Cut piece of granite boulder but no
sediment in core for headspace analysis.

15-Aug-12

1415 - 1445

0.50

Hole
U0110C

Prepare ROV for deployment while POOH with drill string to 360.0
mbrf (30.0 mbsf).

15-Aug-12

1445-1730

2.75

Hole
U0110C

Deploy ROV. Observed Hole U0110C for any sign of gas bubbles or
outflow from hole. None detected. Confirmed Fugro position
coordinates for Hole U0110B. Recovered ROV.

15-Aug-12

1730-1815

0.75

Hole
U0110C

RIH to total depth (TD). No fill on bottom.

Hole
U0110C

Resume continuous RCB coring. Cut and recover Cores 20R through
22R to a depth of 134.1 mbsf. Headspace gas results for Core 20R
were similar to those above, but Core 22R marked an order of
magnitude increase to 30,286 ppmv methane. This was still of
biogenic origin.

Hole
U0110C

Continuous RCB wireline coring from 466.0 mbrf (136.0 mbsf) to
512.9 mbrf (182.9 mbsf). RCB Core 29R on deck at 1300 hrs.
Advancement of Core 29R was halted short of full core when
biogenic methane gas was detected in Core 28R during headspace
analysis with gas chromatograph.

15-Aug-12

16-Aug-12

1815-2400

0000-1315

5.75

13.25
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Date

Time (hrs)

Hours

Location

16-Aug-12

1315-1430

1.25

Hole
U0110C

Suspended RCB coring operations and POOH with drill string to
360 mbrf (30.0 mbsf).

16-Aug-12

1430-1630

2.00

Hole
U0110C

Deployed ROV for bubble observation of Hole U0110C. Biogenic
methane gas outflow was observed coming out of hole. Recovered
ROV.

16-Aug-12

1630-1800

1.50

16-Aug-12

1800-1900

1.00

16-Aug-12

1900-1930

0.50

16-Aug-12

1930-1945

0.25

16-Aug-12

1945-2045

1.00

Hole
U0110C
Hole
U0110C
Hole
U0110C
Hole
U0110C
Hole
U0110C
Hole
U0110C

Activity

RIH with top drive to 469.0 mbrf (139.0 mbsf).
Repair iron roughneck.
RIH to 513 mbsf (183.0 mbsf).
Displace hole with 50 bbls of 10.5 ppg weighted mud.
POOH with drill string to 360.0 mbrf (30.0 mbsf).
Sea state too rough for safe deployment of ROV. Risk too high for
injury to personnel or potential damage to equipment. Rig-up and
deploy IODP VIT subsea camera. Observed that borehole is no
longer flowing. Plug using weighted mud was effective at
preventing any further outflow. POOH with VIT subsea camera

16-Aug-12

2045-2145

1.00

16-Aug-12

2145-2215

0.50

16-Aug-12

2215-2400

1.75

17-Aug-12

0000-0100

1.00

Hole
U0110C

Continue to POOH. Layout top sub, head sub, and MBR. Bit cleared
rotary table at 0030 hrs. Secure rig for transit.

17-Aug-12

0100-0215

1.25

Hole
U0110C

Recover positioning beacon and raise thrusters and hydrophones.
End of Hole U0110C. End of coring operations at Site U0110.

22-Aug-12

1245-2000

7.25

Transit

Underway at full speed back to Hole U0110C.

22-Aug-12

2000-2115

1.25

Hole
U0110C

End sea voyage at 1954 hrs. Lower thrusters/hydrophones. Switch
to DP control. Locate ship over position coordinates.

22-Aug-12

2115-2400

2.75

Hole
U0110C

Deploy ROV and begin survey confirm that Hole U0110C remains
sealed.

23-Aug-12

0000-0100

1.00

Hole
U0110C

Continue with ROV survey of Hole U0110C. No visible sign of out
flow. Hole is sealed. Recover ROV.

23-Aug-12

0100-0145

0.75

Hole
U0110C

Pull thrusters and hydrophones. Switch from DP to cruise control.
End of operations at Site U0110. Begin sea voyage to Site U0070 at
0142 hrs.

Hole
U0110C
Hole
U0110C

POOH with top drive. Clear seafloor at 2150 hrs. Rack top drive.
Continue to POOH to 30.6 mbsf.
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4.3 Lithostratigraphy
Three holes were drilled at Site U0110 (Fig. 4.3-F1). One extended core barrel (XCB)
core was taken at each of Holes U0110A and U0110B, and 29 cores were drilled at Hole
U0110C with the rotary core barrel (RCB). Total depth penetrated at Hole U0110C was
182.9 mbsf. Sediments recovered in Holes U0110A and U0110B are dark gray muds, mixed
with olive gray sandy silt that appeared to have been introduced during drilling, possibly as
a slurry of the surrounding sediments. At Hole U0110C, Cores 1R through 21R are
composed almost entirely of muddy clast-rich diamict; the minor lithology is gravel,
interpreted as drilling-washed concentrates of large clasts in the diamict. Cores 22R
through 29R contain a more diverse assemblage of lithofacies, including sandstone,
heterolithic intervals of interstratified sandstone and carbonaceous mudstone/coal, muddy
sandstone, mudstone, carbonaceous mudstone, claystone/siltstone, and coal.
Two lithostratigraphic units are defined at Site U0110 based on vertical changes in
the distribution of lithofacies (Fig. 4.3-F2). Lithostratigraphic Unit I (0–124.53 mbsf)
consists of a thin upper zone of dark gray mud, underlain by muddy clast-rich diamict.
Lithostratigraphic Unit II (124.53–182.26 mbsf) consists of interbedded sandstones,
heterolithic sandstones/mudstones, mudstones, siltstones/claystones, and coals. The basal
~3 m of Unit II contain features suggesting modification by soil-forming processes.
Sediments from Lithostratigraphic Unit I are interpreted to record subglacial
deposition, associated with a grounded icesheet or an ice shelf, and post-glacial deposition.
Sediments from Lithostratigraphic Unit II are interpreted to record deposition in a clasticdominated marginal marine setting with abundant vegetation, high sedimentation rates,
and, potentially, episodes of subaerial exposure and pedogenesis. This marked change in
sediment type and interpreted environment of deposition from Unit II to Unit I, as well as
the unconformable relationship between these two units on seismic profiles, strongly
supports the presence of a significant hiatus between them.

4.3.1 Facies Descriptions
Eight lithofacies were identified at Site U0110:
1) Facies 1 – dark gray mud, present as centimeter- to decimeter-thick blocks in
Cores U0110A-1X and U0110B-1X (Fig. 4.3-F3). Undisturbed occurrences of this lithofacies
were not recovered, so its bed thicknesses are unknown. These muds have common to
moderate levels of bioturbation and contain only trace abundances of biogenic material.
2) Facies 2 – very dark gray clast-rich muddy diamict (Fig. 4.3-F4). This lithofacies is
predominantly massive, but locally exhibits weak stratification through increased
abundances of clay, sand, or clasts, or through weak subhorizontal long-axis alignment of
elongate clasts. Clasts are primarily granule to pebble in size, although some cobble-grade
clasts are present. Clasts are dominated by gneisses and granites, with dolerite, basalt, and
sedimentary intraclasts also present. Compositions of two sedimentary clasts, based on
thin section analyses, are presented in Table 4.3-T1. Traces of pyrite occur throughout this
lithofacies, and a few microfossils, macrofossils and macrofossil fragments are present (Fig.
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4.3-F5). Decimeter-scale intervals of gravel also are present within Facies 2; because these
gravels generally are pebble- to cobble-grade and well-rounded (often showing abrasions
caused by drilling), they are interpreted as concentrates from the diamict, washed by
drilling, rather than as a separate facies.

Figure 4.3-F1. Plot of recovery and generalized lithology at Site U0110. See Figure 2.3-F5 in
“2.3 Lithostratigraphy” in “Chapter 2. Methods” for key to lithologic symbols.
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Figure 4.3-F2. Summary of Hole U0110C lithostratigraphy, (Continued on next page).
4.3-3

Chapter 4. Site U0110
4.3 Lithostratigraphy

Proceedings of the Baffin Bay
Scientific Coring Program

Figure 4.3-F2 (continued). Generalized lithologic column for Cores U0110C-22R to
U0110C-29R.
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3) Facies 3 – dark gray medium- to coarse-grained sandstone, relatively clay-poor
(Fig. 4.3-F6). The low matrix content of these sandstones is confirmed by thin section
analysis (Table 4.3-T1). One sandstone interval, at the top of Core U0110C-22R, contains
moderate abundances of granule-grade quartz grains (Fig. 4.3-F7). This lithofacies forms
beds ranging from a few cm to a few dm thick, generally with a sharp basal contact and
little or no internal stratification.
4) Facies 4 – interstratified dark gray to very dark gray sandstone and very dark
gray to black carbonaceous sandstone/carbonaceous mudstone/coal. This lithofacies is
also termed the “heterolithic facies”, based on the intimate and complex nature of the
interstratification (Fig. 4.3-F8), and is the most abundant lithofacies in Cores U0110C-22R
through -29R. This lithofacies forms beds ranging from <10 cm to >400 cm thick, and varies
from sand-dominated (~90% sandstone; Fig. 4.3-F8) to mud-dominated (~10% sandstone;
Fig. 4.3-F9). Most beds of this lithofacies are internally complex, with internal stratification
at the cm- to dm-scale. If not heavily bioturbated, sand-dominated examples of this
lithofacies generally contain one or more of the following: horizontal or subhorizontal
stratification at the scale of thick laminae to thin beds; cross-stratification at ripple-to dmscale(Fig. 4.3-F10 and -F11), including some high-angle climbing ripples (Fig. 4.3-F12),
abundant mud drapes (Fig. 4.3-F13), and soft-sediment deformation features. Sanddominated versions of this lithofacies grade to muddy sandstone when heavily bioturbated.
Bioturbation is locally intense and records a low-diversity ichnofauna, dominated by
Planolites, small Palaeophycus, and possible Thalassinoides (Fig. 4.3-F14).
Mud-dominated versions of this lithofacies contain thin sandstone stringers or
lenticular bedding (Fig. 4.3-F9). Soft-sediment deformation features are present in some
mud-dominated intervals (Fig. 4.3-F14), and an interval in Sections U0110C-29R-1 and -2
shows evidence of syndepositional or early postdepositional brecciation.
The compositional variability of Facies 4 is confirmed by thin section analyses of
three samples (Table 4.3-T1). Pyrite is distributed irregularly through this lithofacies and is
present in several forms: as fills in mm-wide subvertical fractures; as discrete mm-thick
bands; and as mm-scale concretionary cement. Coalified wood fragments are also present
in some intervals of Facies 4.
5) Facies 5 – very dark gray mudstone (Fig. 4.3-F15). Facies 5 is a relatively minor
lithofacies, being present as one dm-thick bed. This lithofacies contains medium-scale
lamina and is heavily bioturbated.
6) Facies 6 – very dark gray to black carbonaceous mudstone (Fig. 4.3-F16). This
lithofacies is distinguished from the mudstone lithofacies by a slightly darker color and
slightly more shiny surface appearance, and is distinguished from the coal lithofacies by a
higher density and less shiny surface appearance. This lithofacies forms beds ~10 to ~100
cm thick, with bioturbation that ranges from sparse to heavy. Pyrite is present in this facies
as disseminated mm-scale grains and in discrete circular bodies (Fig. 4.3-F17).
7) Facies 7 – black coal (Fig. 4.3-F18). This lithofacies is identified by its dark color,
shiny appearance on a freshly broken surface, low density, and tendency to fracture
vertically during drilling. Coals in the cored section form beds ranging from ~30 cm to ~70
cm thick, with mm- to cm-scale stratification and no visual evidence of bioturbation.
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8) Facies 8 – gray to greenish gray siltstone/claystone, grading locally to pinkish
gray (Fig. 4.3-F19). This lithofacies is moderately to heavily cemented with carbonate, as
observed in two thin sections (Table 4.3-T1). The siltstone/claystone locally contains
remnants of stratification, with evidence of soft-sediment deformation and fragmentation
to form intraclasts (Fig. 4.3-F20). A silty to sandy component is present as a physical
admixture, especially in the areas between the intraclasts (Fig. 4.3-F19). Drab halo mottling
is present as pinkish gray halos in the siltstones and claystones.
Table 4.3-T1. Summary descriptions of thin sections from Hole U0110C.
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Figure 4.3-F3. Core photograph of Facies
1 (Interval U0110A-1X-1A, 55-70 cm).
Yellow-brown coarser material at top and
bottom of interval is sandy silt introduced
by drilling. Interval of core shown is 15
cm long.

Figure 4.3-F4. Core photograph of Facies
2 (Interval U0110C-14R-2A, 113-133 cm).
Note abundance and diversity of clasts
and massive nature of the diamict.
Interval of core shown in 20 cm long.
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Figure 4.3-F5. Detailed photograph of
relatively intact bivalve in Facies 2
(Interval U0110C-1R-1A, 17-20 cm).

Figure 4.3-F6. Detailed photograph of
Facies 3 (Interval U0110C-24R-2A, 65-70
cm). Interval of core shown is 5 cm long.

Figure 4.3-F7. Detailed photograph of granule-bearing sandstone of Facies 3 (Interval
U0110C-22R-1A, 0-10 cm). Interval of core shown is 10 cm long.
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Figure 4.3-F8. Example of interstratified
nature of Facies 4 (Interval U0110C-28R4A, 28-98 cm). Light-colored intervals are
siltstones; dark-colored intervals are
carbonaceous claystones. Interval of core
shown is 70 cm long.

Figure 4.3-F9. Example of mudstonedominated lithology of Facies 4 (Interval
U0110C-27R-2A, 95-120 cm). Interval
shown is 25 cm long.
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Figure 4.3-F10. Example of ripple-scale
cross-stratification in Facies 4, highlighted by claystone drapes on foresets
(upper left quadrant of image; Interval
U0110C-23R-2A, 59-66 cm). Interval of
core shown is 7 cm long.

Figure 4.3-F11. Example of dm-scale
crossbedding in Facies 4, highlighted by
discontinuous claystone drapes on
foresets (lower two-thirds of image;
Interval U0110C-23R-2A, 75-88 cm).
Interval of core shown is 7 cm long.

Figure 4.3-F12. Example of climbing
ripples in Facies 4 (highlighted in box;
Interval U0110C-27R-2A, 30-35 cm).
Interval of core shown is ~3 cm long.
Scale on left of image is in mm.

Figure 4.3-F13. Example of abundant mud
drapes on ripple forms, Facies 4 (Interval
U0110C-28R-2A, 20-25 cm). Interval of
core shown is 5 cm long.
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Figure 4.3-F15. Example of Facies 5; note
stratification and mm-scale burrows
(Interval U0110C-22R-1A, 104-120 cm).
Interval of core shown is 16 cm long.

Figure 4.3-F14. Example of heavily bioturbated mudstone-dominated lithology
in Facies 4 (Interval U0110C-25R-1A, 5570 cm). Interval of core shown is 15 cm
long.
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Figure 4.3-F17. Detailed photograph of
pyrite body in Facies 6 (Interval U0110C27R-4A, 12-14 cm). Interval of core shown is
2 cm long.

Figure 4.3-F16. Example of black
carbonaceous mudstone of Facies 6
(Interval U0110C-25R-2A, 21-60 cm).
Note very thin to thin beds with
nonparallel upper and lower surfaces.
Interval of core shown is 39 cm long.

Figure 4.3-F18. Example of Facies 7,
heavily fractured by drilling (Interval
U0110C-23R-1A, 0-25 cm). Interval of
core shown is 25 cm long.
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Figure 4.3-F19. Example of Facies 8,
including evidence of fragmentation,
injection of silty/sandy component
between intraclasts, and color gradation to
pinkish gray (Interval U0110C-29R-4A, 525 cm). Interval of core shown is 20 cm
long.
4.3-13

Figure 4.3-F20. Example of fragmentation
to form intraclasts in Facies 8 (Interval
U0110C-29R-2A, 64-92 cm). Interval of
core shown is 28 cm long.
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4.3.2 Modeled Coal Contents of Facies 3 Through 7
Sedimentary coal content was modeled for Cores U0110C-22R through -28R using
grain densities calculated from physical properties moisture and density (MAD)
measurements (see section “4.5 Physical Properties”) and assuming two end-member
mixing (i.e., coal and siliciclastic materials). The most common siliciclastic minerals —
quartz, feldspars, and clay minerals — have similar densities (2.55–2.90 g/cm3), whereas
coal is notably less dense (0.83–1.51 g/cm3). We used end-member densities of 2.70 g/cm3
for the siliciclastic component and 1.4 g/cm3 for coal in the model. The calculated coal
contents range from 0 to 70% and vary with lithology (Table 4.3-T2 and Figure 4.3-F21). In
general, intervals described as carbonaceous mudstones or carbonaceous sandstones are
modeled to contain higher percentages of coal (~8–16%). For comparison, typical
bituminous coal contains ~55% fixed organic carbon.
In order to evaluate these modeled coal contents, we used them to estimate
sedimentary organic carbon percentages and compared the estimated values with total
organic contents measured on discrete sediment samples. The organic carbon estimates
are relatively consistent with the organic carbon contents measured in discrete samples
throughout Unit 2 (Figure 4.3-F21; see section “4.6 Geochemistry”). There is an apparent
mismatch between measured and modeled organic carbon contents in a few instances (e.g.,
U0110C-22R-2, 66 cm and U0110C-24R-1, 17 cm), which is likely due to 8–10 cm
differences in the locations of samples used for MAD measurements and for organic carbon
analyses.
Table 4.3-T2. Modeled coal contents in Cores U0110C-22R through 28R.
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Figure 4.3-F21. Comparison of lithology, modeled coal content, modeled organic carbon
content, and measured organic carbon content in Cores U0110C-22R through 28R.
Measured C/N ratios are also shown. Note relatively good agreement between modeled
and measured organic carbon contents.
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4.3.3 Facies Interpretations
Facies 1 is interpreted as postglacial hemipelagic to distal glacimarine mud, based
on its characteristics, its stratigraphic position, and the location of Site U0110. The clastrich deposits of Facies 2 are interpreted as proximal glacigenic sediments; the mostly likely
options include basal tills formed beneath grounded ice (i.e., “lodgement tills”), and “rainout tills” formed beneath ice shelves. The rare occurrences of marine macrofossils and
microfossils (e.g., benthic foraminifera and serpulid fragments) suggest that at least some
of the diamict beds are rain-out deposits.
Based on their grain size, the sandstones of Facies 3 appear to record high-energy
conditions. Their lack of internal stratification complicates further interpretation of their
depositional environment or condition because primary stratification and/or sedimentary
structures may have been obscured by drilling-induced disturbance. If the relatively
massive nature of Facies 3 is primary, however, it suggests either relatively continuous and
rapid deposition or subsequent homogenization by bioturbation.
The heterolithic sediments of Facies 4 provide abundant evidence for
environmental conditions at the time of deposition. The abundance of cross-stratification at
a range of scales, and the abundance of muddy/coaly drapes, record alternating periods of
bedload transport and deposition from suspension, implying large variations in current
intensity with repeated periods of quiet water. Climbing ripples indicate episodes of
decelerating flow with a high suspended sediment load. At a more general scale, evidence
for soft-sediment deformation is common, supporting the interpretation of high overall
sediment supply. Burrowing is common in Facies 4, ranging up to very intense but with a
low diversity ichnofauna. This suggests a marine or brackish environment, possibly
stressed by either low salinity or abundant suspended sediment.
Overall, the heterolithic sediments of Facies 4 appear to record a hydraulically
dynamic environment with a high sediment supply that included coaly debris. The
ichnofauna provides evidence of environmental stress, possibly due to low salinity. In
addition, Facies 4 is located stratigraphically adjacent to carbonaceous mudstones and
coals, indicating lateral proximity of the environments where Facies 4 and Facies 5/6/7
were deposited. These lines of evidence strongly support the interpretation of Facies 4 as
having been deposited in a marginal marine setting with abundant sediment supply. More
specific possibilities include a tide-influenced delta/coast, lagoon or estuary, or the distal
distributary systems of a river-dominated delta, but diagnostic vertical and lateral facies
associations are not available to distinguish between these options.
In contrast to the dynamic environment recorded by the heterolithic sediments of
Facies 4, the mudstones, carbonaceous mudstones, and coals of Facies 5, 6, and 7 are
interpreted to record environments dominated by extended periods of low-energy
conditions. Facies 5, 6, and 7 differ in their contents of organic matter vs. terrigenous
sediment and in the intensity of bioturbation, suggesting that these three lithofacies record
an environmental gradient from the more marine to the more terrestrial portions of this
marginal marine setting. Within this gradient, Facies 5 is the most “marine” end-member,
dominated by clastic input. The carbonaceous mudstones of Facies 6 record intermediate
settings, where clastic sediment supply was mixed with appreciable amounts of coastal
subaerial vegetation. The coals of Facies 7 are interpreted as insitu deposits on the
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landward edge of this environmental gradient, either in coastal tidal marshes or in coastal
freshwater swamps. Distinguishing between these two alternatives will require additional
data; ash contents of the coals and/or paleobotanical identification of the coal components
would be most helpful.
The relatively light-colored siltstones/claystones of Facies 8 exhibit remnants of
primary stratification, subsequently disrupted by fragmentation and the physical
introduction of a silty/sandy component between the siltstone/claystone intraclasts. These
disruption characteristics, as well as the development of drab halo mottling, are consistent
with pedogenic processes. Thus, Facies 8 is interpreted as a paleosol.

4.3.4 Unit Descriptions and Interpretations
Based on visual core descriptions and smear slide analyses, the sediments at Site
U0110 are divided into two lithostratigraphic units.
4.3.4.1 Unit I
Intervals: U0110A-1X-1, 0 cm, through 1X-CC, 70 cm (0–2.13 mbsf); U0110B-1X-1, 0
cm, through 1X-CC 30 cm (0–1.23 mbsf); U0110C-1X-1, 0 cm through 21R-CC, 13 cm
(0–124.53 mbsf)
Depth: 0–124.53 mbsf
Age: Quaternary
Unit I is composed of the dark gray muds of Facies 1, underlain by the diamicts of
Facies 2. Clasts within the diamicts are dominated by gneisses and granites/granitoids,
with lesser amounts of dolerite, basalt, and sedimentary clasts. A small proportion of the
diamicts are weakly stratified, and two macrofossils were observed in the diamicts.
The stratigraphic position of Unit I and the characteristics of Facies 1 and 2 support
interpretation of these sediments as glacigenic (Facies 2) and postglacial hemipelagic to
distal glacimarine (Facies 1) deposits. The predominance of unstratified diamicts suggests
that most were deposited subglacially in ice contact; however, the presence of marine
microfossils and macrofossil debris suggests that at least a few of the diamicts were
deposited by rain-out processes.
4.3.4.2 Unit II
Interval: U0110C-21R-CC, 13 cm through 29R-4, 87 cm (124.53–182.26 mbsf)
Depth: 124.53–182.26 mbsf
Age: late Early Cretaceous overlying weathered Proterozoic–Paleozoic
Unit II is composed of the interbedded sandstones, heterolithic
sandstones/mudstones, mudstones, siltstones/claystones, and coals of Facies 3 through 8.
The heterolithic facies (Facies 4) is the most abundant sediment type in Unit II, and is in
stratigraphic contact at least once with each of the other facies. Because of incomplete core
recovery through Unit II – combined with the fact that many lithologic contacts were
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obscured by drilling disturbance or were not recovered – it is not possible to define a
repeated or “standard” stacking pattern of lithofacies. Despite this shortcoming, it is clear
that Unit II records significant environmental variability in a marginal marine to terrestrial
setting.
The general conditions in this marginal marine setting are well-documented by
sediment characteristics:
1) A variety of low-energy environments (Facies 5, 6, and 7), located adjacent to
high-energy settings (Facies 4). Of these low-energy settings, the environments most
commonly represented in Unit II received moderate (Facies 6) to high (Facies 7) amounts
of organic matter. The details of the coals in Facies 7 are still unknown; in particular,
whether they formed in freshwater coastal swamps or in saltwater marshes. Also unknown
is whether the organic matter in the carbonaceous mudstones of Facies 6 was produced in
situ, or whether it was transported to this location.
2) An abundance of settings that experienced strongly varying unidirectional flow,
repeated episodes of quiet-water conditions, high rates of sediment supply, and
environmental stress due to brackish water and/or high suspended sediment
concentrations (Facies 4). These characteristics identify areas affected by highly variable
flow and rapid deposition within this marginal marine setting. More specific possibilities
include a tide-influenced delta/coast or estuary or the distal distributary systems of a
river-dominated delta, but data needed for more detailed interpretations are not available
at this time.
3) The episodic influence of subaerial exposure and pedogenesis in this marginal
marine setting. The characteristics of Facies 8 are suggestive of a relatively immature
paleosol, dominated by physical disruption and ped formation with relatively little
development of soil horizons. Subaerial exposure of a marginal marine environment would
have required only a minor relative change in sea level. The time available for soil
development could have been limited by a short time between relative sea level changes
and/or by the relatively high rate of deposition in this setting.

4.3.5 XRD Results from Site U0110
A qualitative and ratio-based summary of XRD results is given in Table 4.3-T3. The
bulk XRD measurements of samples from Lithostratigraphic Unit 1 show a quartz-rich
composition (main peak at 3.34 Å) with plagioclase (3.22 Å) being common and amphibole
(8.5 Å) and K-feldspar (3.24 Å) peaks present. The clay XRD results show a primarily illitic
composition (10 Å) with chlorite as a secondary component (illite/chlorite is 2.6–3.3 Å).
The suite of identified minerals is consistent with that expected for sediment generated by
glacial erosion of the amphibolite-grade gneisses that dominate the coastal bedrock in
Melville Bay (Henriksen et al., 2009). The presence of chlorite in high-latitude Quaternary
deposits is commonly related to erosion and transport by glaciers and the lack of chemical
weathering. Thus, its presence in samples from the diamicts of Facies 2 is not surprising.
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Table 4.3-T3. Bulk and clay mineral compositions in Hole U0110C, determined by X-ray
diffraction (XRD). Abundance indicators (A, C, F, R) for bulk mineral analyses are calculated
using the ratio of the peak intensity for each mineral relative to the total of the peak
intensities. Abundances for clay mineral analyses are peak intensities.

Samples obtained from the carbonaceous mudstones-sandstones of
Lithostratigraphic Unit 2 (Facies 4, 5, and 6) are dominated by quartz with only small
amounts of other minerals, mainly K-feldspar and kaolinite. Amphibole is absent. The clay
mineral assemblage is dominated by kaolinite (7.1 and 3.56 Å) with illite as an ancillary
component (the peak intensity ratio for illite/kaolinite is 0.04–0.75). Kaolinite is one of the
primary products formed by chemical weathering of unstable minerals, notably K-feldspar,
and is commonly associated with soil formation in warm and humid climates (Biscaye,
1965). Thus, the presence of abundant kaolinite suggests paleoenvironmental conditions
consistent with those indicated by the abundance of terrestrial organic material. When
transported by rivers into estuaries kaolinite tends to be the first clay mineral deposited
from suspension, mainly due to its larger particle size relative to illite and smectite (Gibbs,
1977). As a result, the occurrence of kaolinite in lithofacies that are closely associated with
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the coals of Unit 2 also supports the interpretation that these deposits formed in a
freshwater or marginal-marine setting.
In addition to quartz, samples from Facies 8 have a prominent peak at 2.87 Å,
indicating the presence of dolomite. This confirms the dolomitized character of the
silty/sandy mudstone/claystone at the base of Unit 2, which shows evidence of paleosol
development. Dolomite was also observed during thin section analyses of samples from
this interval (Table 4.3-T1), and may be the explanation for high P-wave velocities
recorded for this interval (see section “4.5 Physical Properties”).
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4.4 Chronostratigraphy
4.4.1 Introduction
The chronostratigraphy for the three holes cored at Site U0110 is constrained
biostratigraphically by diatoms and palynomorphs. In addition, the natural remanent
magnetization (NRM) measured before and after magnetic cleaning was used to determine
the magnetostratigraphy. Holes U0110A and B recovered 2.13 m and 1.23 m, respectively,
of mud from the uppermost part of the stratigraphic section, which may be partially
Holocene but can only be dated biostratigraphically to <305 ka (i.e., Quaternary) based on
diatoms. Rotary coring in Hole U0110C failed to recover any of this ~2 m of mud, and hence
Hole U0110C probably does not contain any Holocene record. There is no biostratigraphic
constraint for the upper ~125 m of Hole U0110C. The magnetostratigraphy, which is
normal polarity with the exception of a brief reversal (or geomagnetic excursion) in Core
U0110C-2R, is assigned to the Brunhes Chron (C1n; 0–0.78 Ma), suggesting a Pleistocene
age for the glacial diamict. Below the unconformity at ~125 mbsf, sparse palynomorphs
indicate a probable late Early Cretaceous age, which is consistent with the observed normal
polarity and assignment to the Cretaceous Long Normal Polarity interval (Superchron
C34n; 83.64–125.93 Ma).

4.4.2 Biostratigraphy
Samples from Site U0110 were examined for calcareous nannofossils, foraminifera,
diatoms, dinoflagellate cysts, pollen, and spores. Samples were collected from core catchers
of each core, with additional samples (primarily for calcareous nannofossils and diatoms)
taken from split-core sections. The primary results from all fossil groups are summarized
in Figure 4.4-F1 and Table 4.4-T1. The uppermost meter of core collected from the first two
holes (U0110A and B) contains intervals of diatom-rich sediment. The Pleistocene glacial
diamicts in the upper ~125 m of Hole U0110C contain very rare benthic foraminifera.
Reworking is common, with reworked Cretaceous and Paleogene dinoflagellates, pollen,
and spores prevalent throughout. Below the unconformity at ~125 mbsf, the sediments are
completely barren of calcareous nannofossils, diatoms, and foraminifera. These organicrich sediments contain common, if not very diverse, palynomorphs that indicate a late
Early Cretaceous age for the ~58-m-long interval cored below the unconformity.
4.4.2.1 Calcareous Nannofossils
Six samples from Hole U0110A and one sample from Hole U0110B were examined
for calcareous nannofossils (Appendix Table 4.4-AT1). All samples from these two holes
are barren. A total of 27 samples were examined from Hole U0110C; two contain very rare
reworked calcareous nannofossils and a third contains a single poorly preserved,
unidentifiable specimen (Appendix Table 4.4-AT1). Samples U0110C-3R-CC, 21-26 cm
(17.78 mbsf) and -4R-CC, 11-17 cm (22.66 mbsf) yielded very rare, poorly preserved
Reticulofenestra umbilicus, which is characteristic of the middle to late Eocene. The latter
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sample also contains a questionable Reticulofenestra reticulata, which has a range similar
to R. umbilicus within the Eocene.

Figure 4.4-F1. Chronostratigraphic summary for Hole U0110C.
4.4.2.2 Foraminifera
Twenty-three samples from Site U0110 were sampled and processed for
foraminiferal analysis (Appendix Table 4.4-AT2). All samples are barren of planktonic
foraminifera. Three samples from Hole U0110C produced benthic foraminifera, with six
specimens recovered from Sample U0110C-5R-CC, 16-21 cm (24.33 mbsf), two specimens
recovered from U0110C-6R-CC, 17-21 cm (33.37 mbsf), and two specimens recovered from
U0110C-7R-CC, 15-25 cm (43.15 mbsf). Sample U0110-5R-CC, 16-21 cm has the greatest
diversity with four species present: three specimens of Elphidium excavatum, one specimen
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of Cassidulina reniforme, one specimen of Cibicides refulgens, and one specimen of
Oridorsalis tener. The specimens from Core U0110-6R belong to the species E. excavatum.
The two specimens from Core U0110-7R represent the species Oridorsalis umboniferus?
and C. refulgens. The poor preservation of the Oridorsalis specimen makes its specific
identification uncertain; however, the preservation of the robust umbilical umbo common
in O. umboniferus and its occurrence in the northern high latitudes from the Pliocene to
Recent makes it a likely possibility. Elphidium excavatum, C. reniforme, O. tener, and C.
refulgens are species common to the Arctic throughout the Quaternary and present on the
Greenlandic shelf today (Belanger and Streeter, 1980; Korsun and Hald, 1998).
Table 4.4-T1. Biostratigraphic summary for Site U0110.
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4.4.2.3 Diatoms
Diatoms occur within Hole U0110A and in the core catcher of Core U0110B-1X,
whereas all samples examined from Hole U0110C are barren of diatoms (Appendix Table
4.4-AT3). The assemblage in Samples U0110A-1X-1, 30 cm through -1X-1, 90 cm (0.30–
0.90 mbsf) and U0110B-1X-CC, 28-33 cm (1.18 mbsf) is moderately well preserved and
comprises diatom species Actinocyclus curvatulus, Coscinodiscus spp., Nitzschia spp.,
Rhizosolenia hebetata, Thalassiosira eccentrica, Thalassiosira gravida, and Thalassiothrix
longissima. An age of late Pleistocene to Holocene (<0.305 Ma) is assigned to these samples
based on the presence of the above listed taxa and the absence of Proboscia curvirostris
(last appearance datum [LAD] 0.295–0.305 Ma) and Thalassiosira jouseae (LAD 0.295–
0.305 Ma) (Koç et al., 1999).
4.4.2.4 Dinoflagellate Cysts
A total of 18 samples from Hole U0110C were examined for dinoflagellate cysts, ten
from above and eight from below the unconformity at ~125 mbsf (Appendix Table 4.4AT4). The sparse palynological material was concentrated by sieving through a 30-m
nylon mesh.
In the section above the unconformity, Sample U0110C-4R-CC, 11-17 cm (22.66
mbsf) contains rare hyaline specimens of Dinopterygium cladoides sensu Morgenroth
(1966) (Fig. 4.4-F2) and Batiacasphaera/Cerebrocystat Group, indicating reworking from
the lower Miocene. Seven of the ten samples from the upper part of the hole, Samples
U0110C-3R-CC, 21-26 cm through -17R-CC, 15-18 cm (17.57–100.75 mbsf), indicate
reworking from the lowermost Eocene based on the presence of Apectodinium augustum.
The presence of the spore Azolla spp. in Sample U0110C-12R-CC, 14-19 cm (75.12 mbsf)
and Deflandrea phosphoritica in Samples U0110C-13R-CC, 10-15 cm to -16R-CC, 5-11 cm
(81.62–92.09 mbsf) indicates reworking from the Eocene. The presence of Alisocysta spp.,
Areoligera gippingensis, and Carpatella cornuta in Sample U0110C-5R-CC, 16-21 cm (24.49
mbsf) and the presence of Alisocysta margarita and A. gippingensis in Samples U0110C14R-CC, 12-18 cm (87.20 mbsf), -15R-CC, 14-20 cm (89.39 mbsf), and -17R-CC, 15-18 cm
(100.75 mbsf) indicate reworking from the Danian and Selandian (lower Paleocene). The
presence of a single fragment of Palynodinium grallator in Sample U0110C-14R-CC, 12-18
cm (87.20 mbsf) may indicate reworking from the Cretaceous/Tertiary boundary. Apart
from a few almost transparent non-age specific species of Spiniferites, no in situ dinoflagellate cysts were recorded.
The eight samples examined from below the unconformity (U0110C-22R-CC, 0-5 cm
[132.05 mbsf] to -29R-4, 82-87 cm [182.21 mbsf]) are all barren of dinoflagellate cysts,
whereas three samples contain some spores and pollen that may indicate an Early
Cretaceous age. Cicatricosisporites spp. spores (possibly Cicatricosisporites australiensis
[Fig. 4.4-F2]) and bisaccate pollen assemblages occur in three coal-rich samples (U0110C22R-CC, 0-5 cm [132.05 mbsf], -25R-2, 94-96 cm [146.10 mbsf], and 27R-CC, 9-12 cm
[162.93 mbsf]), whereas very few or no spores and pollen were recorded from the silty,
fine-grained sandstone samples in between and below the coal samples. The organic
material from the coaly intervals is dominated by brown to black elongate plant material,
mainly tracheids; however, cuticle also occurs, indicating a relatively short transportation
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distance. Sample U0110C-27R-CC, 9-12 cm (162.93 mbsf) also contains abundant bisaccate
pollen.
The coal samples were processed with HNO3 and KOH only to speed up the
processing, whereas the sandstones with sparse organic material were processed with HCL
and HF. The restricted size of HF centrifuge containers and the constricted time limit did
not allow for the extraction of any age diagnostic species from the sandy layers. Processing
of a larger proportion of sample material may reveal datable palynomorphs.

Figure 4.4-F2. Photomicrographs of spores from Site U0110. (A) Cicatricosisporites spp.
(possibly Cicatricosisporites australiensis), Sample U0110C-25R-2, 94-96 cm (146.10 mbsf);
(B) Dinopterygium cladoides sensu Morgenroth (1966), Sample U0110C-4R-CC, 11-17 cm
(22.66 mbsf); (C) Cicatricosisporites spp. (possibly Cicatricosisporites australiensis), Sample
U0110C-25R-2, 94-96 cm (146.10 mbsf).
4.4.2.5 Pollen and Spores
Eighteen core-catcher and some selected split-section samples were analyzed for
pollen and spores. All samples were examined, but only five of them were analyzed in detail
(Appendix Table 4.4-AT5). Preservation varied throughout the examined samples and the
abundances of pollen and spores range from absent to common. In general, pollen and
spore concentrations are relatively low. While diverse palynomorphs are present in the
studied samples (Fig. 4.4-F3), the dominance of bisaccate pollen and large
Microphyllophyta spores and small Pteridophyta (trilete) spores is remarkable. The
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dominance of bisaccate pollen grains in all samples (mostly Picea and Abies types) is
related to the capacity of saccate pollen to be transported long distances and has been
observed in earlier Baffin Bay investigations (Burden and Langille, 1991). In addition,
preliminary examination indicates that most samples from Lithostratigraphic Unit I (0–
124.53 mbsf; Pleistocene diamict) contain reworked Paleogene, and probably even
Cretaceous, material.

Figure 4.4-F3. Photomicrographs of pollen and spores from Site U0110. (A) Cedripites
cretaceus, Sample U0110C-25R-2, 94-96 cm (146.10 mbsf); (B) Pityosporites, Sample
U0110C-17R-CC, 15-18 cm (100.75 mbsf); (C) Podocarpidites, Sample U0110C-17R-CC, 1518 cm (100.75 mbsf); (D) cf. Sciadopityspollenites, Sample U0110C-5R-CC, 16-21 cm (24.49
mbsf); (E) Cyathidites, Sample U0110C-17R-CC, 15-18 cm (100.75 mbsf); (F) Alsophilidites,
Sample U0110C-17R-CC, 15-18 cm (100.75 mbsf); (G) Cyathidites, Sample U0110C-17R-CC,
15-18 cm (100.75 mbsf).
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Samples examined from Holes U0110A and B (U0110A-1X-CC, 51-56 cm [1.94 mbsf]
and U0110B-1X-CC, 28-33 cm [1.18 mbsf]), as well as Samples U0110C-2R-CC, 23-24 cm
(12.39 mbsf) and -3R-CC, 21-26 cm (17.78 mbsf), contain a relatively diverse and
consistently abundant palynomorph assemblage. Bisaccate pollen, mostly Picea and Abies
types, are most prevalent, whereas Pinus spp. are the least abundant. Cupressaceae pollen
is consistently present in all samples. A unique characteristic of this assemblage is the
presence of Podocarpaceae, a type of conifer, which is most likely reworked from the
Cretaceous when it was widely present (Mohr and Gee, 1992). The preservation level of the
grains within this group is variable, indicating a high likelihood of re-deposition. The
presence of grains of inaperture pollen (included in the group Inaperturopollenites), which
are obviously older than the Quaternary, also suggests that the material has been
reworked.
Samples U0110C-4R-CC, 11-17 cm (22.66 mbsf), -5R-CC, 16-21 cm (24.49 mbsf), and
-7R-CC, 15-20 cm (43.15 mbsf) are dominated by bisaccate pollen, but the grains have
features that suggest reworking. This assemblage also contains Trilobosporites spores,
Alsophilidites sp. (Fig. 4.4-F3), large Baculatisporites spores, a diverse assortment of
Pteridophyta spores, and well-preserved Poaceae (Gramineae) grains of indeterminate age.
Samples from the interval between Sections U0110C-12R-CC and -17R-CC (75.12–
100.75 mbsf) include well-preserved grains of Picea, probably indicating little transport
from the source prior to deposition. The assemblage is also characterized by
Inaperturopollenites, Piceapollenites pollen, small unidentified tricolpate Pteridophyta
spores, and spores of cf. Hamulatisporis (Srivastava et al., 1987). In addition, samples from
this interval contain reworked (Oligocene or older) pollen, including Cretaceous
Polyvestibulopollenites (Burden and Langille, 1991), as well as one sample with “Abies type”
Pityosporites sp. (Bercovici et al., 2009), which ranged from the Permian through the
Paleogene.
Samples from below the unconformity at ~125 mbsf (Samples U0110C-26R-1, 5355 cm [149.23 mbsf) to -29R-4, 82-87 cm [182.21 mbsf]) contain a very dense mineral
fraction that was not easily removed during sample preparation. This interval is
characterized by a low diversity of pollen and spores; only Piceapollenites and abundant
small Pteridophyta trilete spores were observed. These forms are characteristic of the late
Early Cretaceous.

4.4.3 Paleomagnetism
The investigation of magnetic properties from 21 cores collected at Site U0110
included the measurement of bulk susceptibility of whole-core and split-core sections and
the natural remanent magnetization (NRM) of archive-half sections (Appendix Table 4.4AT6). Alternating field (AF) demagnetization at 10 and 20 mT was conducted on cores from
Holes U0110A, B, and C. Stepwise AF demagnetization on 57 selected discrete samples was
performed at successive peak fields of 0, 5, 10, 15, 20, 25, 30, 35, 40, 50, and 60 mT to
verify the reliability of the split-core measurements (Appendix Table 4.4-AT7). Samples
from the top ~125 mbsf generally yielded good fits with principal component analysis
(PCA; Kirschvink, 1980), having a maximum angular deviation of <5°. Magnetic intensity
below the unconformity at ~125 mbsf is weak and demagnetization behavior mostly
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erratic. The location of the discrete samples taken from Hole U0110C is indicated in the
inclination and declination panels of Figure 4.4-F4. We cleaned the split-core data extracted
from the LIMS database by removing all measurements collected from disturbed intervals,
from intervals with larger dropstones, and from within 5 cm of the section ends (Appendix
Table 4.4-AT8).

Figure 4.4-F4. Summary of paleomagnetic data and magnetostratigraphy at Site U0110.
Discrete sample locations are indicated in the declination and inclination columns by red
(MAD <5°) and lavender (MAD >5°) symbols. The polarity stratigraphic interpretation is
given with black intervals representative of normal polarity, white intervals representative
of reversed polarity, and striped intervals indicating no recovery. NRM intensity,
declinations, and inclinations prior to demagnetization are plotted with blue symbols and
after 20-mT demagnetization with green symbols.
4.4.3.1 Natural Remanent Magnetization and Magnetic Susceptibility
The intensity of NRM after 20 mT demagnetization ranges from ~10-5 to ~1 A/m
(Fig. 4.4-F4). Within Lithostratigraphic Unit I (<125 mbsf), the intensity is on the order of
10-2 A/m and below the unconformity, between ~125 mbsf and the bottom of the hole, the
intensity decreases by two orders of magnitude to ~10-4 to ~10-5 A/m. The agreement of
the trend between the remanent intensity and magnetic susceptibility in Lithostratigraphic
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Unit I suggests that the magnetic minerals that carry the NRM are the same that dominate
the magnetic susceptibility.
Despite the overall low magnetic intensities below ~125 mbsf, a relatively stable
magnetic component, which allows for the determination of magnetic polarity, was
preserved. A magnetic overprint with steep positive inclinations, which was probably
acquired during drilling, was usually erased by the 20-mT demagnetization step (Fig. 4.4F5); however, directions of the NRM show relatively large scatter below ~125 mbsf. This
suggests that secondary magnetizations still remain and are probably a viscous remanent
magnetization and/or chemical remanent magnetization caused by diagenetic growth or
dissolution of magnetic minerals.
The demagnetization behavior of six discrete samples that yielded good PCA results
is illustrated in Figure 4.4-F5. Most of the discrete samples display a soft magnetic
overprint that was removed with 15-20 mT AF demagnetization, demonstrating that this
magnetic cleaning level is sufficient to eliminate the overprint.
Magnetic susceptibility measurements were made on whole cores from all three
holes as part of the Whole-Round Multisensor Logger (WRMSL) analysis and on split-core
sections using the Section-Half Multisensor Logger (SHMSL; see section "4.5 Physical
Properties"). Magnetic susceptibility is consistent between the two instruments (Fig. 4.4F4) and in general parallel to the intensity of magnetic remanence. It varies between -1.4 ×
10-5 and 1.8 × 10-2 (SI volume units; Fig. 4.4-F4 first panel; split-core measurements are
offset by a factor of 10).
4.4.3.2 Magnetostratigraphy
Only magnetic inclinations were used for the magnetostratigraphic interpretation at
this site. The geomagnetic field at the latitude of Site U0110 (74.75°) has an expected
inclination of 82.2°, assuming a geocentric axial dipole field model, which is sufficiently
steep to determine magnetic polarity in RCB cores that lack horizontal orientation.
Magnetic inclinations indicate that only the Brunhes Chron (C1n) is recorded above
the unconformity at ~125 mbsf. Whether the Brunhes Chron is complete cannot be
determined from the magnetostratigraphy alone and biostratigraphic datums are scarce.
An interval of reversed polarity, confirmed by discrete samples, occurs between 9.8 and
11.5 mbsf. It is possible that this interval represents one of the short geomagnetic
excursions within the Brunhes Chron. Several excursions are well documented, such as the
Mono Lake (33 ka), Laschamp (41 ka), Norwegian-Greenland Sea (60 ka), Blake (120 ka),
Iceland Basin (188 ka), and Pringle Falls (211 ka) reversal excursions (for review see Laj
and Channell, 2007).
Although all measurements below the unconformity indicate a relatively long
normal polarity interval (Fig. 4.4-F4), only interrupted by a few intervals of no recovery, an
assignment to the geomagnetic polarity timescale is currently not possible because of the
lack of biostratigraphic control. Ultimately a late Early Cretaceous age would require that
the sediments were deposited in the Cretaceous Long Normal Polarity interval (Superchron
C34n), which is consistent with the observed polarity of the recovered sediment.
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Figure 4.4-F5. Demagnetization results for six discrete samples. For each sample, the plot to
the right shows the vector end points of paleomagnetic directions on vector
demagnetization diagrams or modified Zijderveld plots (red squares are inclinations and
blue circles declinations), and the plot to the left shows the intensity variation with
progressive demagnetization. Those data outlined in black were used to compute mean
directions from principal component analysis. The three vector demagnetization diagrams
on the right illustrate the removal of a steep drilling overprint by about 15 mT, with the
remaining magnetization providing a well-resolved characteristic remanent magnetization.
The diagram at the top right is from the brief reversed interval in the Brunhes Chron and
the diagram on the bottom right illustrates the behavior of a split-core section
demagnetized at 5-mT steps to 40 mT.
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4.5 Physical Properties
4.5.1 Overview
Sediment physical properties were measured on all core sections recovered at Site
U0110 using the Whole-Round Multisensor Logger (WRMSL) and Section-Half Multisensor
Logger (SHMSL), whereas discrete samples were taken at the rate of about one to two per
section depending on lithology. Shear strength was not measured as the consolidated
nature of material in all but the upper meter exceeded the limit of the pocket penetrometer
and mini-vane shear. Similarly, thermal conductivity was not measured due to the absence
of borehole temperature data, a required parameter for calculating heat flow.
Below we describe the nature of the measurements recorded, the data processing
applied, and the physical properties of the stratigraphic section. The gross lithology of this
site is divided into two lithostratigraphic units: Unit I being Quaternary diamict and Unit II
being later Early Cretaceous sandstones and mudstones (see section “4.3
Lithostratigraphy”). Physical properties of the diamict are variable as many of the
properties are influenced by clasts, and we summarize these only briefly below. Physical
properties data from Lithostratigraphic Unit II are covered in more detail and summarized
in Figures 4.5-F1a and F1b. Cleaned data sets for the full stratigraphic section are provided
in Appendix Tables 4.5-AT1 to AT6. Also highlighted are points of particular interest,
including the relationship between compressional wave velocity and depth.

4.5.2 Measurements and Data Analysis
4.5.2.1 Whole Round Measurements
Measurements with the WRMSL were obtained at 2.5 cm intervals for gamma ray
attenuation (GRA) wet bulk density (GRA density), P-wave velocity (Vp), and magnetic
susceptibility (MS), and at 10 cm intervals for natural gamma radiation (NGR) in the
extended core barrel (XCB) cores from Holes U0110A and B. The same sensor resolution
was used for the RCB cores from Hole U0110C except Vp was not measured because the
smaller diameter of the core relative to that of the core liner creates an air gap that absorbs
the P-wave signal.
Whole round GRA density, MS, and NGR measurements depend on knowing the
volume or thickness of the core. Where the core liner is not full (RCB cores) these criteria
are not met and therefore the raw data for RCB cores are minimum values only. To improve
the quality of the record we have filtered the data to remove obvious spurious points
caused by voids and cracks in the core and gaps between core sections. This was done
using a MATLABTM routine (see section “2.5 Physical Properties”). We also applied the
density correction used by Jarrard and Kerneklian (2007), which attempts to correct for
the under size nature of RCB cores relative to the liner, and the correction for the magnetic
susceptibility to transform units into SI (see section “2.5 Physical Properties” in “Chapter 2.
Methods”). Magnetic susceptibility data from depths identified from spuriously low GRA
density values as being voids or section breaks were also removed. Lastly, porosity was
calculated from corrected GRA density data assuming an average grain density of 2.7 g/cm3
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and seawater density of 1.024 g/cm3. These filtered WRMSL data and derived values for
Lithostratigraphic Unit II from Hole U0110C are shown in Figure 4.5-F1 and all filtered data
are recorded in Appendix Tables 4.5-AT1 to AT3.

Figure 4.5-F1a. Physical properties of Lithostratigraphic Unit II at Site U0110. The
measurements in Unit II (125–185 mbsf) include density, porosity, and P-wave velocity
data (dots) and 4-point moving averages (lines).
4.5.2.2 Split-Core Color Spectroscopy
Color reflectance was measured at a resolution of 2.5 cm and the results are
reported in the CIELAB color scale in terms of lightness (L*) and color indices a* (green to
red, green being negative and red positive) and b* (blue to yellow, with blue negative and
yellow positive). Data for Lithostratigraphic Unit II are shown in Figure 4.5-F1b and
recorded in Appendix Table 4.5-AT4. More detail on color reflectance scales and data
processing is provided in section “2.5 Physical Properties” in “Chapter 2 Methods”. Color
data quality is influenced less by issues of core diameter and voids than the GRA density,
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MS, and NGR data and represents a high-resolution tool for characterizing lithologic change
at this site.
Color spectra analysis has proven useful for identification of minerals but, its
effectiveness may be compromised by the particle size of the sediment, roughness, and
moisture content (Hunt et al., 1950, Mix et al., 1995). Multivariate statistics can help with
the identification of trends in noisy signals. Therefore, a k-means cluster analysis was run
on the CIELAB and CIEXYZ tristimulus scales with depth to investigate the relationship
between sediment color and lithology. This form of cluster analysis (CA) is a type of
unsupervised learning because no predefined classes are assigned. The cluster analysis
finds similar trends in the data, regrouping the measurements that present similar values
according to the characteristics that they have in common. Clusters always provide
grouping structure and it is up to the user to identify if those clusters have a physical
meaning. A good quality cluster analysis will define groups with high internal similarity but
high dissimilarity with other groups.

Figure 4.5-F1b. Physical properties of Lithostratigraphic Unit II at Site U0110. The
measurements in Unit II (125–185 mbsf) include magnetic susceptibility, natural gamma
emission, and color parameters L*a*b*.
The value assigned to k (“groups”) is a variable that the user needs to choose and
optimize. The sedimentologists identified two major lithological units composed of several
subunits (see section “4.3 Lithostratigraphy”). When the value of k is set to obtain two
partitions the separation based on color parameters matches the lithological major units
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presenting a partition of the data at a depth of ~125 m. The sedimentologists identified a
total of eight subunits (lithofacies). The variability in color is insufficient to make such fine
subdivisions. The optimal k value was determined to be six based on the performance of
the model when the results are compared with the identified lithologies. In these
conditions some of the lithological subunits are combined in a single group due to their
color similarities and stratigraphic location.
Clusters three and five cover most of Lithostratigraphic Unit I (0–125 mbsf) and
correspond to muddy and sandy mud matrix in the diamict, respectively. The major
difference between cluster three and five is related to the grain size of the diamict matrix
material. Cluster two corresponds mainly to the mudstone identified in lithofacies four,
five, six, and seven. Cluster one corresponds to the sandstones intercalated between
mudstone layers in Lithostratigraphic Unit II.
The relationship between facies and color is somewhat weak partly because the
lithology is described at a much broader scale (tens of centimeters) than the color data are
collected (centimeters). Hence, an interval described broadly as mudstone may have small
silty regions that are measured by the spectrophotometer. These differences result in
errors in some of the group classifications.
4.5.2.3 Discrete Sample P-wave Velocities
P-wave velocities on split cores were measured at a frequency of one measurement
per section (Appendix Table 4.5-AT5). In soft sediments (all sections from Holes U0110A
and B), the velocity on half rounds was measured with the P-Wave System (PWS) 3
(“caliper”) on the working-half core sediments allowing measurements in the x-direction.
Below 0.54 mbsf in Hole U0110C the sediments became lithified enough to permit cutting
cubes (~8 cm3) and measuring the Vp velocity in x, y (horizontal), and z (vertical)
directions by using PWS3. The laboratory velocity measurements presented here were not
corrected to in situ temperature and pressure conditions (note no downhole measurements
were collected at this site, see section “4.2 Operations”). The effects of this are particularly
evident in semi-lithified sands and sandy diamict matrix (Cores U0110C 14R through 21R)
where samples lose both moisture and confining pressure post-coring. The data therefore
have been filtered by amplitude such that values with low signal strength (<1.5 mV) are
excluded from our summary. A table of the physical properties associated with each of the
major lithology types identified by the shipboard sedimentologists is provided in Table 4.5T1.
4.5.2.4 Moisture and Density (MAD) Measurements
Gravimetric and volumetric determinations of moisture and density (MAD) were
made on one discrete sample from Hole U0110A, one from Hole U0110B, and 60 samples
from Hole U0110C (Appendix Table 4.5-AT6). One or two samples were taken, depending
on lithology, core condition, and time, from each section. Where possible we used the
sample blocks cut for velocity measurements to enable cross comparison between velocity
and porosity characteristics. Wet mass, dry mass, and dry volume were measured, and
from these measurements, percentage water weight, porosity, dry density, bulk density,
and grain density were calculated (see section “2.5 Physical Properties” in “Chapter 2.
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Methods”). Porosity, wet bulk density, and dry density (“MAD”) calculations based on
measurements made by balance and pycnometer assume no moisture loss (or addition) as
part of the sampling process. For sandy sediment, diamict matrix, or other lithologies that
drain quickly this is unlikely to be true and the reported values should be considered
minimum values only. More indurated samples (Cores U0110C-26R through 29R) were
soaked in seawater under vacuum to saturate pore space and these results are likely closer
to in situ values.
Table 4.5-T1. Summary of physical properties for Site U0110 lithologies.

4.5.3 Downhole Trends in Physical Properties
4.5.3.1 Lithostratigraphic Unit I
Lithostratigraphic Unit I occurs between the seafloor and 124.53 mbsf and consists
of unstratified clast-rich muddy to sandy diamict (see section “4.3 Lithostratigraphy”). Wet
bulk density (WBD) and Vp in the first 0.5 mbsf are ~1.65 g/cm3 and 1550 m/s respectively
with the exception of three high velocity (>1800 m/s) and density (~2 g/cm3) spikes
caused by the presence of dropstones in Hole U0110A. These values are consistent with
those measured for unconsolidated Holocene marine sediment elsewhere (e.g., Hamilton
and Bachman, 1982).
Between 0.5 and 0.7 mbsf, both density and Vp increase sharply to >2 g/cm3 and
1700-1900 m/s respectively, values considerably higher than is normally encountered at
such shallow depths and indicative of over consolidation or compaction, most likely due to
ice loading during the Last Glacial Maximum. From 0.7 mbsf to 124.53 mbsf there is little
downcore change in bulk density and Vp, which average 2.32 g/cm3 and 2300 m/s
respectively. Similarly, grain density averages 2.7 g/cm3, a value close to that of many
aluminosilicate minerals (e.g., quartz 2.65 g/cm3, plagioclase feldspar 2.62 g/cm3) and
calcite (2.72 g/cm3). Porosity calculated from the GRA density data show considerable
scatter (inherited from the noise in the measurements), but averages ~18%, similar to the
22% measured on discrete samples. Discrete velocity measurements on 8 cm3 cubes cut
from the core show no measureable difference in the x (horizontal), y (horizontal, 90o to x),
or z (vertical) orientations.
NGR data are uncorrected for voids and hence some noise (particularly low values)
may result from core sections that are only partially filled with core. However, NGR total
counts per second average 59 with little scatter, again consistent with the relative
uniformity of this lithologic unit. Similarly, magnetic susceptibility (43  10-4 SI) and color
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reflectance L*a*b* (averaging 33, 1, and –2, respectively) show little change within the unit,
although, as noted above, a more detailed cluster analysis of the color data clearly
differentiates between muddy and sandy diamicts as well as differentiating the diamicts
from the lithologies of Unit II. High “spikes” in magnetic susceptibility are attributable to
the occasional occurrence of large clasts that dominate the susceptibility response over
that of the background matrix material.
4.5.3.2 Lithostratigraphic Unit II
Lithostratigraphic Unit II occurs between 124.53 mbsf and the base of the hole at
182.26 mbsf and comprises meter-scale alternations of laminated mudstones,
carbonaceous mudstones (grading to coal in some cases), and sandstones with minor
modifiers of these lithologies (e.g., sandy mudstone). The physical properties associated
with these lithologies are summarized in Table 4.5-T1. For all lithologies within
Lithostratigraphic Unit II, except highly carbonaceous mudstone/coal, the average bulk
density and Vp increase and porosity decreases relative to the overlying diamict, although
the absolute values are highly variable. Porosity remains higher in sandy facies relative to
muddy facies (e.g., Fig. 4.5-F2). A particularly indurated mudstone layer occurs at
130.5 mbsf (WBD = 2.63 g/cm3, Vp(z) = 4300 m/s, and porosity = 5%), which contrasts
significantly with the overlying diamict and likely contributes to the strong reflector
evident on pre-cruise seismic surveys associated with the major Quaternary/Cretaceous
unconformity.
Between 131.26 and 179.47 mbsf, WBD, Vp(z), and porosity average 2.32 g/cm3,
2750 m/s, and 15%, respectively. Within this interval, NGR and a* show marked and
coherent variability within contiguous sections. These fluctuations closely match grain size
variations, with higher and lower counts occurring in finer and coarser grained units
respectively (Fig. 4.5-F1b). Persistently high bulk densities (~2.6 g/cm3), Vp(z) (4000 m/s),
and low porosities (<10%) occur in the deepest section of the hole between 179.47 and
182.26 mbsf, consistent with the presence of siltstone with Ca/Mg carbonate as a porefilling cement as reported by the shipboard sedimentologists (see section “4.3
Lithostratigraphy”).
The laminated nature of the Cretaceous sediments results in a general P-wave
velocity anisotropy as measured on discrete samples. The vertical (z) direction was found
to be consistently slower by ~4% than the directions parallel to bedding (x and y), which
are indistinguishable from each other.
Grain density in Lithostratigraphic Unit II is more variable and often lower than that
encountered in Lithostratigraphic Unit I because of the increase in carbonaceous material
throughout. A single measurement of “coal” at 145.97 mbsf yields a grain density of
1.8 g/cm3, well below that of typical aluminosilicate minerals, suggesting this material is an
admixture of carbon and aluminosilicates. The actual carbon content can be estimated from
the end member grain densities of coal (0.8–1.5 g/cm3 depending on grade) and
aluminosilicates (see section “4.3 Lithostratigraphy”).
Magnetic susceptibility is very low in Lithostratigraphic Unit II, recording many
values near or at the resolution limit of the susceptibility meter. Average values (5  10-4
SI) are about an order of magnitude less than in Lithostratigraphic Unit I. In Cores U0110C-
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27R and -28R, the susceptibility tends to follow the trend of the NGR, in which the more
shale-rich intervals have higher susceptibility and NGR and the more sand-rich intervals
have lower susceptibility and NGR (see also the Visual Core Description for Core U011028R in Appendix B).

Figure 4.5-F2. Porosity of Lithostratigraphic Unit II at Site U0110. The histograms show the
distribution of porosity within Unit II sandstones and mudstones, with siltstones and
claystones included within the mudstone category.

4.5.4 Two-Way Travel Time From P-Wave Velocity Measurements
P-wave velocity (Vp) measured at discrete depth intervals was used to calculate the
vertical travel time downhole. Average values of x, y, and z were used for Lithostratigraphic
Unit I, where velocity was found to be isotropic. For Lithostratigraphic Unit II, only Vp(z)
values were used even when measurable anisotropy was observed. Vp was averaged
between adjacent depth intervals and then compiled to a cumulative two-way travel time
(TWT) vs. depth profile for comparison with pre-drilling predictions, which assumed a
uniform velocity of 2700 m/s (Figure 4.5-F3).
Relative to the pre-drilling seismic survey data, the discrete sample data show
consistently lower interval velocities through the Lithostratigraphic Unit I diamict (2300
m/s), although most of these values were obtained from the upper 25 m of the diamict and
may not be representative of the mean velocity. If 2300 m/s is the mean velocity through
the diamict, then the Quaternary/Cretaceous unconformity, which occurs at ~104 ms,
would be located at 119 mbsf rather than the originally estimated depth of 140 mbsf. The
actual depth of the reflector representing the unconformity, as determined from driller’s
depth, lies between 124.53 and 129.4 mbsf. Hence the true mean velocity is around 2450
m/s, which is an indication that the lower half of the diamict has a somewhat faster P-wave
velocity than the upper half.
A significant increase in Vp occurs below the unconformity, with Vp being
considerably faster than 2700 m/s. Given the scarcity of velocity measurements in the
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lower half of the diamict, the cumulative TWT from discrete samples trends back towards
the TWT from the pre-drilling velocity pick of 2700 m/s and predicts even shorter TWT for
seismic waves to reach the base of the hole (compare the blue curve with the black line in
Fig. 4.5-F3). This highlights the possibility that reflectors below the base of the hole may be
deeper than originally anticipated. The paucity of data between 25 and 129 mbsf means
that a few measurements can have a strong influence on the cumulative TWT. We explore
this by determining the sensitivity of the cumulative TWT to the few measurements made
on samples from near 70 mbsf (Fig. 4.5-F3). The blue line in Figure 4.5-F3 represents data
that meet a criterion in which the measurements have at least an amplitude of 1.5 mV. For
this case, the TWT is strongly controlled by just one data point at 72.19 mbsf. By adding an
additional data point, which just fails the 1.5 mV test, we slightly improve the fit with
drilling depth to key reflectors at ~70 and 125-130 mbsf relative to the pre-drilling
estimate (the red curve in Fig. 4.5-F3). However, removing both data points at ~70 mbsf
significantly worsens the prediction, offsetting depths downwards by ~20 m. This
highlights the value of relatively closely spaced discrete sample measurements for robust
estimates of TWT from core data.

Figure 4.5-F3 Cumulative two-way travel time vs. depth. The red, blue, and green lines
demarcate the cumulative velocity profile constructed from discrete velocity
measurements relative to the pre-drilling velocity estimate of 2700 m/s shown in black.
Dashed lines mark the predicted depth for reflectors at 103.7 ms TWT assuming 2700 m/s
and our “blue” cumulative TWT. Note the trend of the curve is highly dependent on the data
points at ~70 mbsf (circled in yellow): Excluding one or both significantly alters the time
vs. depth profile.
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4.6 Geochemistry
Shipboard organic geochemical studies of cores from Site U0110 included
monitoring of hydrocarbon gases, measuring carbonate carbon, total organic carbon, and
total nitrogen contents, and characterizing organic matter by pyrolysis assay. Procedures
are summarized in the “Chapter 2. Methods” (see section “2.6 Geochemistry”).

4.6.1 Hydrocarbon Gases
All cores with sufficient sediment recovery from Site U0110 were monitored for
gaseous hydrocarbons by the headspace (HS) gas technique (Tables 4.6-T1 and 4.6-T2).
Data reported are in parts per million by volume (ppmv). For Hole U0110C results are
plotted in Figure 4.6-F1.

Figure 4.6-F1. Hydrocarbon gases Hole in U0110C. Concentrations of the different
hydrocarbon gases (in ppmv), together with the methane/ethane ratio obtained using the
GC3 method (red) for Hole U0110C versus depth (meters below seafloor). Black bars on the
left site indicate recovery for each core. GC3 indicates samples measured using an
Agilent/HP 6890 Series II (Table 4.6-T1). NGA indicates samples measured using an
Agilent/HP 6890A Natural Gas Analyzer (Table 4.6-T2).
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At both Holes U0110A and U0110B, one core was recovered and therefore one HS
sample was taken at each hole. Both samples contained very little methane (2–5 ppmv) and
the higher hydrocarbon gases were not present (Tables 4.6-T1 and 4.6-T2). These
concentrations are indistinguishable from the background air blank. For Hole U0110C, 20
HS samples were taken spread-out over 29 cores. Due to very poor recovery for Cores
U0110C-6R to 11R, U0110C-16R to 19R, U0110C-21R, and U0110C-26R, no HS samples
could be taken for these cores.
Table 4.6-T1. Headspace gas for Site U0110 measured using GC3.

The upper part of Hole U0110C down to Core U0110C-5R (~25 mbsf), consisting
mainly of glacial sediments, yielded very low gas content with methane concentrations
below 10 ppmv and absence of the higher hydrocarbon gases (Fig. 4.6-F1). HS methane
concentrations started to increase with increasing depth and changing lithology. The first
traces of ethane (<2 ppmv) were detected in Core U0110C-10R (63 mbsf). HS gas content
reached 4,000 ppmv in Core U0110C-12R (~75 mbsf), 30,000 ppmv in Core U0110C-22R
(~130 mbsf), and up to 443,000 ppmv in Core 25R (~145 mbsf). The gas content in Core
U0110C-25R was confirmed with a second measurement from the same sample that was
analyzed on the Natural Gas Analyzer (NGA) gas chromatograph (GC) which detects C1-C7
hydrocarbons and gaseous non-hydrocarbons. While sampling for HS gas in Core 25R, it
was noted that small bubbles formed on the outer side of the core.
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With increasing depth slightly higher ethane concentrations were detected (up to
130 ppmv), but due to the high methane concentrations the methane/ethane (C1/C2) ratio
was always higher than 1,000 (indicating >99.9% methane). Low concentrations of
propane were only detected in Core U0110C-25R (~145 mbsf). In Cores U0110C-27R and
U0110C-28R methane and ethane concentrations were lower again with a methane
concentration of 13,500 ppmv and C1/C2 ratio of 7,600 in Section U0110C-28R-5 (~174
mbsf). The high C1/C2 ratios and absence of higher-molecular-weight hydrocarbon gases
are most consistent with a biogenic source for the high methane concentrations
encountered at Hole U0110C.
Table 4.6-T2. Headspace gas for Site U0110 measured using NGA.

4.6.2 Methane Hydrate Stability at Site U0110
The high gas concentrations in the lower part of Hole U0110C raised questions
about methane hydrate stability in the sediments at Hole U0110C and other locations.
Unfortunately, it was not possible to measure downhole temperatures at Site U0110 due to
the stiff nature of the sediments. Temperature profiles of the water column measured with
the Seabird positioning device indicated near bottom water temperatures of 2.3°C at Site
U0110, and 1.8°C at Site U0080. Water depths are 318 and 222 m at Sites U0110 and
U0080, respectively. Figure 4.6-F2 shows the minimum water depth required to stabilize
methane hydrate at the seafloor as a function of bottom water temperature. The water
depth at the Site U0110 is marked on the vertical axis and the Seabird near bottom water
temperatures are marked on the horizontal axis. At Site U0110 gas hydrates could be stable
at the seafloor if bottom-water temperatures were as low as 1.2°C (and if pore waters at
that depth were saturated with methane). Even colder bottom water temperatures would
be needed for methane hydrate to be stable at the depths drilled; however, the observed
temperatures in the water column at Site U0110 indicate that water depths of at least 375
m are required for seafloor hydrate stability. If methane hydrate is not stable at the
seafloor then it would not be stable at any greater depth.

4.6.3 Carbon and Elemental Analyses
Inorganic carbon (IC), total carbon (TC), total organic carbon by difference
(TOCDIFF), and total nitrogen (TN) were analyzed in 40 sediment samples from Hole
U0110C over depths ranging from 17 to 182 mbsf (Table 4.6-T3; Fig. 4.6-F3). No samples
were taken for Holes U0110A and U0110B.
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Figure 4.6-F2. Methane stability estimates. Plot of bottom-water temperature and water
depth combinations required for methane hydrate stability at the seafloor. The indicated
temperature and water depth for Site U0110 are insufficiently cold or deep to stabilize
methane hydrate.

Figure 4.6-F3. Total organic carbon and CaCO3 for Hole U0110C. Total organic carbon
content (wt%, black line) and calcium carbonate content (wt%, blue line) are given for a
selected number of samples at Hole U0110C. Black bars on the left site indicate recovery
for each core.
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At Hole U0110C, carbonate content is uniformly low in almost the entire hole, with
values generally less than 0.08 wt% IC or 0.7 wt% CaCO3. The only exceptions are the lower
three sections of the last core (Sections U0110C-29R-2 through 4) that contain around 3.5
wt% IC or 30 wt% CaCO3. Total carbon content is about 1 wt% in the glacial sediments
(upper ~125 mbsf) but increases significantly with depth (Core U0110C-22R and below) to
values typically in the range 1 to 6 wt%, but as high as 36 wt% in Section U0110C-24R-1 in
the rocks described as carbonaceous mudstones and coals. The organic carbon content
drops to values less then 1 wt% in Core U0110C-29R (180 mbsf). TN is generally less than
0.4 wt% except in the samples with very high carbon content when values reach 0.7 wt%.
The general C/N ratio at Hole U0110C is around three in the Quaternary section
(Table 4.6-T3; Fig. 4.6-F4); however, the intervals of increased organic carbon content in
the mid-Cretaceous sediment have much higher C/N ratios with values as high as 49
(Sample U0110C-24R-1, 10 cm [139 mbsf]). Classically C/N ratios around six are typical of
marine algae, whereas values greater then 15 are typical for higher land plants (Stein et al.,
1989). The very high C/N ratios in the organic-rich layers between 125 and 170 mbsf of
Hole U0110C suggest that most of the organic matter is not derived from marine algae.

Figure 4.6-F4. Total organic carbon and C/N ratios for Hole U0110C. Total organic carbon
content (wt%, black line) and C/N ratios (green line) are given for a selected number of
samples at Hole U0110C. Black bars on the left site indicate recovery for each core. C/N
ratios around 6 are typical for marine algae, whereas C/N ratios greater than 15 are typical
for higher land plants (Stein et al., 1989).
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Table 4.6-T3. Carbon and elemental composition for Site U0110.

4.6.4 Organic Matter Pyrolysis
A total of 18 samples from the lower part (130–182 mbsf) of Hole U0110C where
organic carbon content is high were characterized by SRA pyrolysis (Table 4.6-T4; Fig. 4.6F5). The organic carbon content obtained using SRA pyrolysis is in good agreement with
the results of the carbon and elemental analyses (see section “4.6.3 Carbon and Elemental
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Analyses”). The raw S1, S2, and S3 are generally low, with somewhat low hydrogen indexes
(most samples = <110 mg/gC). The exceptions are the samples with very high organic
carbon content that have hydrogen indexes up to 527 mg/gC (e.g., Sample U0110C-24R-1,
10 cm). Oxygen indexes are very low (typically <2), indicating diagenetic stabilization of
the organic matter with prior elimination of oxygenated functional groups. A diagram of
hydrogen index versus oxygen index (Fig. 4.6-F5) shows that the sediments contain Type III organic matter, suggesting a dominant origin from aquatic plants as opposed to vascular
land plants. A plot of S2 versus TOC indicates an intercept at 2.9% TOC (Fig. 4.6-F6),
suggesting that rocks in the cored sequence contain about 2.9% of inert, and possibly
recycled organic matter with little hydrocarbon generating potential. When HI values are
corrected by elimination of inert carbon, the average HI (indicated by the slope) is
increased to about 460 mg S2/gC.

Figure 4.6-F5. Hydrogen index vs. oxygen index for Site U0110. Roman numerals I-III
indicate different types of kerogen.
The PI values (excluding carbon-depleted samples) average about 7%, consistent
with fractional conversion (transformation ratio) of kerogen to hydrocarbons in the range
of 0.05 to 0.1. The Tmax is on average 442°C for samples with greater than 2% TOC. Use of
the (cautionary) empirical correlation of Peters et al. (2005) gives an estimate of vitrinite
reflectance of 0.77 to 0.80%. The samples with highest organic carbon content have
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somewhat lower Tmax values, suggesting that Tmax distributions may be slightly skewed to
higher values by the inert carbon component. Empirical Tmax vs. depth correlations for
continuously subsiding sediments suggest maximum depth of burial of 2.5–3 km for
thermal gradients in the range of 30–40°C/km.
Table 4.6-T4. Pyrolysis (SRA) evaluation of organic matter from Site U0110.

Figure 4.6-F6. Pyrolysis S2 yield vs. organic carbon for Site U0110. Intercept of 2.9% is
consistent with a component of relatively inert, or recycled organic matter. The slope is
consistent with corrected average HI of 460 mg HC/gC.
4.6-8

Chapter 4. Site U0110
4.6 Geochemistry

Proceedings of the Baffin Bay
Scientific Coring Program

4.6.5 References
Peters, K.E., Walters Jr., C.C., and Moldowan, J.M., 2005. The Biomarker Guide. 2nd Edition,
Cambridge Univ. Press.
Stein, R., Littke, R., Stax, E., and Welte, D.H., 1989. Quantity, provenance, and maturity of
organic matter at ODP Sites 645, 646, and 647: Implications for reconstruction of
paleoenvironments in Baffin Bay and Labrador Sea during Tertiary and Quaternary Time.
In, Srivastava, S., Arthur, M.A., Clement, B., et al., Proceedings of the Ocean Drilling Program,
Scientific Results, 105: College Station, TX (Ocean Drilling Program), 185–208.

4.6-9

Proceedings of the Baffin Bay Scientific Coring Program

CHAPTER 5. SITE U0080

5.0-1

Chapter 5. Site U0080
5.1 Site Summary

Proceedings of the Baffin Bay
Scientific Coring Program

5.1 Site Summary
5.1.1 Background and Objectives
Site U0080 (75.598335°N, 65.048235°W, 222.8 m water depth) was one of seven
primary sites targeted for the Baffin Bay Scientific Coring Program (BBSCP). The site was
originally denoted as Site SC-8 by the consortium of companies planning the project, as Site
6 in the GEMS Geophysical Report (GEMS International Group of Companies, 2011,
unpublished report), as Site USC080 prior to the start of BBSCP, and, once coring began, as
Site U0080 to comply with site-naming conventions commonly used on the JOIDES
Resolution.
Site U0080 is located on the northwest Greenland continental shelf, on a structural
high on the east side of the southernmost Kap York Basin (Fig. 5.1-F1). The seismic
reflection profiles across the site show a thin veneer of sediments, interpreted prior to the
expedition as Quaternary glacial sediments, overlying a southwest dipping sequence of preQuaternary strata (Figs. 5.1-F2 and 5.1-F3). Below about 350–400 mbsf, the seismic
reflections are poorly resolved in what is referred to as a “wipeout” zone. Penetration was
limited by the Texas A&M University Safety Panel to avoid the wipeout zone given that the
exact nature of the strata could not be discerned from the seismic records. Depth estimates
to the wipeout zone were made assuming the seismic velocity was a constant 2700 m/s
and a water depth of 235 m (= 312 ms two-way travel time [TWT]). The depth of 350 mbsf
corresponds to 575 ms TWT, with the wipeout zone below this.
The upper 350 m of sediments were thus targeted at Site U0080. The primary
objectives for coring were to:




Obtain stratigraphic information about the cored section, with a focus on the
lithologies, ages, and paleoenvironmental settings;
Estimate potential source rock characteristics;
Determine the physical properties of the rock units for evaluating potential
reservoir properties and improving seismic velocity models (depth vs. time curves).

Prior to coring, the targeted strata underlying the Quaternary sediments was
estimated to be a thick succession of mid-Tertiary (5–34 Ma) highly compacted clastic
rocks, including clays, shales/mudstones, and sandstones. The coring plan was to attempt
advanced piston coring (APC) and extended core barrel (XCB) coring if the lithologies from
prior sites had proven to be sufficiently unconsolidated for these coring tools to be
successful. If not, a single hole was to be cored with the rotary core barrel (RCB). The
geophysical site survey data from the GEMS Geophysical Report indicated that the seabed
was scarred with iceberg plow marks (Fig. 5.1-F2) and had visible cobble-sized clasts in
seabed photographs. Furthermore, coring at Site U0110 had shown that the glacial
sediments on the Greenland shelf contain large hard-rock clasts and that the underlying
units are hard, lithified sediment. With this information in hand, it was decided that RCB
coring would be required.
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Figure 5.1-F1. BBSCP sites relative to structural elements of the Melville Bay area.
Structural elements map is modified from Whittaker et al. (1997).
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Figure 5.1-F2. Location of Site U0080 with bathymetry and seismic lines.
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Figure 5.1-F3. Crossing seismic reflection profiles through Site U0080.

5.1.2 Coring Summary
A single RCB hole was cored to a total depth of 358.5 mbsf at Site U0080 (Table 5.1T2). In total, 140.12 m of core were recovered from the 42 cores collected from Hole
U0080A, giving an average core recovery of 39% (Table 5.1-T2). Each core took on average
2.5 hrs to collect. This includes wireline time, time to wait for headspace gas results from
the prior core before coring was resumed, and other operations that took place between
cores. Using this time, the recovery rate was between 1.2 m/hr and 14.4 m/hr, with an
average of 6.0 m/hr (Table 5.1-T2). Additional coring statistics are provided for the holes,
cores, and sections in Tables 5.1-T1, -T2, and -T3, respectively.
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Table 5.1-T1. Hole summary for Site U0080.

Table 5.1-T2. Core summary for Site U0080.
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Table 5.1-T3. Section summary for Site U0080.
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Table 5.1-T3. Continued.
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5.1.3 Science Results
5.1.3.1 Lithology
Two lithostratigraphic units are defined at Site U0080 (Fig. 5.1-F4).
Lithostratigraphic Unit I (0–0.80 mbsf) consists of a muddy, clast-rich diamict (Facies 1).
The presence of marine macrofossils (e.g., an intact bivalve shell and shell fragments)
within the diamict indicates a proximal glacigenic environment. Unit I unconformably
overlies Unit II.
Lithostratigraphic Unit II (0.80–358.5 mbsf) consists of interbedded carbonaceous
claystones, mudstones, siltstones, sandstones, coals, and cemented sandy siltstones (Facies
2 through 7, respectively). Supplementing the core record with the natural gamma ray logs
allows for the subdivision of Unit II into four subunits (Figs. 5.1-F4). The subdivisions
represent lithologic packages >30 m thick that have a dominant lithology or a pattern of
complexly stratified lithologic changes on scales of >1 m. In general, all subunits and facies
are interpreted to be marginal marine deposits. More specifically, rocks from Unit II were
most likely part of a distributary channel system on a lower delta top as discussed below in
section “5.1.3.3 Facies, Lithological Subunits, and Paleoenvironmental Setting”.
5.1.3.2 Ages
Lithostratigraphic Unit I (the glacial sediments in the interval 0.0–0.80 mbsf)
contains no age diagnostic microfossils. The only age information is the stratigraphic
position of the sediments, which would suggest that at least the upper part of this unit
contains recently deposited material from ice rafting, as well as reworked and re-deposited
sediment from icebergs plowing across the region (Fig. 5.1-F2). One additional constraint
comes from the magnetostratigraphy, which indicates the unit is normal polarity. Both the
stratigraphic position and the polarity are consistent with Unit I being deposited during the
Brunhes (Chron C1n; 0.0–0.781 Ma), although older ages cannot be discounted. We broadly
qualify the age of Unit I as Quaternary (0–2.588 Ma).
The age of Lithostratigraphic Unit II (0.80–358.50 mbsf) is constrained by
palynomorphs (dinoflagellates, pollen, and spores) as Aptian(?)‒Albian (roughly 110–100
Ma). Samples distributed throughout the section show a dominance of terrestrially derived
organic material (undifferentiated plant debris, tracheids, cuticles, spores, and pollen), with
the pollen and spores having mainly Albian affinities. In addition, a low diversity, agediagnostic dinoflagellate and acritarch assemblage of thin walled brackish water species,
represented by the genera Nyktericysta, Pseudoceratium, Quantouendinium, and
Vesperopsis, are a minor component of the organic material. Taken together, the
dinoflagellates, pollen, and spores give an age range most likely restricted to the Albian but
that could include the late Aptian. The assignment of all of Lithostratigraphic Unit II to the
Cretaceous Long Normal Polarity interval (Superchron C34n; 83.64‒125.93 Ma) is
consistent with a late Aptian to Albian age. Site U0080 is down-section from Sites U0082
(Albian) and U0083 (Cenomanian) (Fig. 5.1-F3) and so must at least be older than the
uppermost Albian. The Aptian(?)–Albian age is similar to, albeit somewhat more restricted
than, the late Early Cretaceous estimated for Site U0110.
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5.1.3.3 Facies, Lithological Subunits, and Paleoenvironmental Setting
The lithologic succession was subdivided into seven lithofacies with distinct
characteristics that provide evidence of the paleoenvironmental setting (see “5.3
Lithostratigraphy”). Facies 1, the muddy, clast-rich diamict comprising Lithostratigraphic
Unit I, is interpreted as postglacial hemipelagic to proximal glacigenic sediments. This
facies probably formed during periods of open water or was deposited as “rain-out tills”
beneath an ice shelf, with either interpretation supported by the presence of marine
macrofossils (bivalve shells) and microfossils (diatom frustules).
Facies 2 through 7 occur only in Lithostratigraphic Unit II. Facies 2 is carbonaceous
claystone. The fine grain size indicates a low energy environment. The general lack of
bioturbation is interpreted to reflect anoxic pore water conditions. The high organic carbon
content reflects either high input of terrestrial carbon transported into this system or high
primary production and export to the bottom sediments. Either source of carbon would
quickly consume the pore water dissolved O2 driving the pore waters to anoxia. Intervals
with moderate to abundant bioturbation are always associated with increased silt contents,
which are interpreted to be due to episodic bottom currents introducing oxygenated
waters along with the coarser sediment. Common ichnofauna in these bioturbated intervals
include Chondrites, Planolites, and Scolicia. The ichnofauna diversity is very low (mostly
monotypic assemblages of Planolites or Chrondrites). Scolicia is much smaller (<0.5 cm in
diameter) than typical in marine environments. The small size of Scolicia and the low
ichnofauna diversity indicates some environmental stress and is consistent with the
interpreted poor oxygenation. Lowered salinity and high concentration of suspended
particles might also have contributed to these conditions.
The carbonaceous mudstone (Facies 3), carbonaceous siltstone (Facies 4), and silty
sandstone (Facies 5) lithofacies are commonly found together, recording changes in grain
size on decimeter- to meter-scales as either fining (more common) or coarsening (less
common) upward sequences. The relative absence of the carbonaceous claystone
lithofacies within these facies sequences indicates that Facies 3–5 record positions more
proximal to distributary channels than the environment where the carbonaceous claystone
lithofacies was deposited.
The coals of Facies 6 are interpreted as in situ deposits and could be deposited when
a distributary channel migrated away from this site. This facies represents either coastal
tidal marshes or coastal freshwater swamps.
Textural similarity of the cemented sandy siltstones of Facies 7 to Facies 5 suggests
that the primary sedimentary environment was similar; however, distinct color, strong
cementation, fracturing and brecciation suggest that Facies 7 underwent post-depositional
alteration. Although root traces have not been identified in Facies 7, it is likely that the
facies records subaerial exposure and pedogenic modification. The lack of root traces is
possibly related to erosional truncation of the pedogenic surface, as suggested by the sharp
upper contact and sand/gravel pavement at the top of Facies 7.
All facies in Unit II are marginal marine and have relatively high organic carbon
contents. This environmental setting is supported by the occurrence of terrestrial pollen
and spores and by a dinoflagellate assemblage, which indicate a brackish water to marginal
marine depositional environment. Similar palynological assemblages have previously been
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reported from brackish water to partly marine deposits of Albian age from the Kome and
Slibestenfjeldet formations at Nuussuaq, West Greenland (Nøhr-Hansen, 2005, 2008; Dam
et al., 2009). Carbon/nitrogen ratios are on average >15, consistent with a dominant land
plant origin. The analysis of the Th/U ratio from logging data show that this unit was
formed through episodic deposition in a terrestrial environment, characterized by high
Th/U ratio, alternating with deposition in a marine environment with lower Th/U values.
These combined observations and the patterns discussed below are most consistent with
deposition associated with mid to lower delta environments. Interestingly, the
paleoenvironmental evolution is most readily understood by combining the facies
information with the progression of four lithostratigraphy subunits, which illustrate that
the stratigraphic section is a transgressive sedimentary sequence.
Lithostratigraphic Unit II was subdivided into four subunits based on either a
dominant lithology or, as in Subunit IIB, a pattern of variability alternating among different
lithofacies. Facies patterns in the subunits are interpreted to reflect changes in proximity to
a distributary channel system. Subunit IIA (0.8–80.1 mbsf) is dominated by carbonaceous
claystones, which indicates primary deposition in a low energy environment. Occasional
sand and silt deposits reflect “event” deposition probably associated with breaches in a
delta top levee through either physical collapses or storms. These decimeter-scale coarsergrained intervals fine upward into the carbonaceous claystone facies. Siderite cements
occur in Subunit IIA, indicating post-depositional diagenesis. The presence of siderite and
absence of pyrite argues for either a freshwater or brackish environment. This, together
with the occurrence of brackish water dinoflagellate assemblage and the dominance of
carbonaceous claystones and the rarity of the coarser-grained facies, suggests Subunit IIA
was deposited in a distributary bay or lagoon, distal to a distributary channel.
Subunit IIB (80.1–262.4 mbsf) is characterized by decimeter- to meter-scale
variations between carbonaceous mudstones, siltstones, and sandstone. Sandstone
intervals often have scoured bases and rippling and are heterolithic, grading into siltstones
and mudstones. This pattern of highly variable facies is interpreted to reflect deposition
near a distributary channel. The siltstones often contain root traces, consistent with
channel levee deposits, whereas the mudstones reflect times when the site was a little
more distal to the channel. The sediments recovered from Subunit IIB are primarily
mudstones, rather than sandstones typical of channel deposits; however, core recovery
was low (<30%) and the natural gamma ray log indicates that the thicker sand units were
very poorly recovered by RCB coring. The logs complete the picture of Subunit IIB
recording deposition in and proximal to a distributary channel on a delta top.
Subunit IIC (262.4–345.9 mbsf) is dominated by the carbonaceous mudstone facies
with minor occurrences of the decimeter-scale coarser facies. This is also reflected in the
recovery, which was >60% in this subunit. Like Subunit IIB, coarser grained deposits show
some small-scale rippling and laminations, indicative of times of stronger water flow. One
thicker section (~5 m) of sandstone is indicated in the logging records. Overall, the
dominance of the finer grained mudstone indicates that Subunit IIC was deposited in a
distributary bay or lake, recording one interval when the distributary channel migrated
over Site U0080. Given the facies pattern and lack of evidence for marine or brackish water
flora, Subunit IIC looks to have been deposited on the mid-delta.
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Subunit IID (345.9–358.5 mbsf) is primarily dolomite and siderite cemented
siltstones and sandstones with distinct heterolithic facies consisting of centimeter-scale
variations in sandstones, siltstones, and mudstones, similar to Subunit IIB. The coloration
of Subunit IID is much lighter with a reddish color in the top of Core U0080A-42R
indicative of pedogenesis. The original deposition was most likely an inter-distributary
channel, levee, and bay system. The cementation and coloration, however, indicate
subaerial exposures.
The progression from Subunit IID to IIA appears to represent a transgressive
sedimentary sequence, starting from a subaerially exposed surface that progressed to middelta and then lower delta environments. The contact between Subunit IIC/IID was not
recovered to verify if an unconformity is present. The unconformity at the top of Unit II
precludes any further interpretation, such as if the transgressive sequence proceeded to a
barrier island/delta front environment or if progradation might have ensued and built out
over the lower delta deposits.
5.1.3.4 Physical Properties
Most of the variability in physical properties at Site U0080 can be attributed to two
effects that largely coincide with cementation and organic matter content. Siderite
cementation mainly influences the physical properties from 0.8 to 92 mbsf (Cores U0080A2R to -13R), which spans all of Lithostratigraphic Subunit IIA and the top of Subunit IIB.
Layers that lack cement within this interval have bulk densities (~2.2 g/cm3), grain
densities (~2.7 g/cm3), porosities (~27%), and P-wave velocities (~2420 m/s) consistent
with moderately indurated aluminosilicate mudstones. In contrast, highly cemented layers
have minimal porosity (<10%) and high bulk densities (>2.7 g/cm3), high grain densities
(>3 g/cm3), and high P-wave velocities (>4000 m/s). Siderite cement is also the cause of
prominent spikes in magnetic susceptibility, up to an order of magnitude above
background.

Figure 5.1-F4 Site U0080 summary. The lithologic column includes both the observed
lithology of cores and that interpreted from combining core observations with the logging
natural gamma radiation (NGR) data. Core recovery data (left panel ) are plotted in the
original mbsf scale and all core measurements and logging data are plotted in a meters
composite logging depth (mcld) scale (see “5.5.5 Core-Log Correlation”). The red arrows
show the shift of the recovered core within the cored interval needed for the core data to
match the logging data. (Continued on the next page.)
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For the interval from 92 to 260 mbsf, the physical properties are relatively constant
except for discrete intervals where organic matter content is high and some degree of
coalification has occurred. These coal intervals are associated with very low densities and
very high porosities, which appear as spikes in the core and logging records (Fig. 5.1-F4).
Another exception is Sample U0080A-23R-2, 72-74 cm, a dolomite-cemented sandy
siltstone, which has extremely low porosity, high density, and a very high z-axis P-wave
velocity (~5770 m/s).
From 260–330 mbsf, P-wave velocity measurements indicate that mudstones have a
strong velocity anisotropy with the vertical (z) direction found to be consistently slower
(by ~17%) than directions parallel to bedding (x, y), which are indistinguishable. The
anisotropy is less developed in claystones and siltstones located deeper in the hole as the
sand content increases.
The vertical P-wave velocities were used to calculate the vertical travel time, which
were then compiled into a cumulative TWT vs. depth profile for comparison with predrilling predictions, which assumed a uniform velocity of 2700 m/s. This compilation of
velocity data includes a large number of high velocity data points from cemented layers
reflecting (a) recovery bias, where loosely consolidated sands were not recovered, and (b)
sampling bias, where samples were preferentially collected from more lithified material
that was less disturbed by drilling. This resulted in an underestimation of the TWT relative
to the logging velocities. Removing velocity values associated with highly cemented layers
(defined as those samples with grain densities >3.0 g/cm3) provides improved estimates
that agree better with the logging velocities.
NGR and magnetic susceptibility data from the core were correlated to logging NGR
and magnetic susceptibility data, which were used to determine the depth shift needed to
place the recovered core on the same depth scale as the logging data (referred to as the
meters composite logging depth [mcld] scale). Without these shifts, one only knows that
the core material came from somewhere within the cored interval, which for cores with
incomplete recovery can equate to several meters of uncertainty in their true depths. Thus,
the shifts provide a means for constructing a complete stratigraphic succession for Hole
U0080A and for assessing what lithologies were recovered versus those that were not.
5.1.3.5 Geochemistry
Headspace gas concentrations were very low at Site U0080 and only traces of
elevated methane were detected within the interval 43–91 mbsf. Carbonate content is quite
variable with values typically below 10 wt%, but occasionally as high as 70 wt% CaCO3 (Fig.
5.1-F4). Organic carbon content is relatively high with values around ~5 wt%. Below 180
mbsf, intervals with extremely high organic carbon content — 10 to 50 wt% based on
carbon and elemental analysis and up to 27 wt% based on Source Rock Analyzer (SRA)
pyrolysis — are present (Fig. 5.1-F4). Although the C/N ratios can be misleading for black
shales, the high C/N ratios of the organic-rich layers may indicate that much of the organic
matter in Subunits IID, IIC, and the lower part of IIB is derived from vascular land plants.
The up-hole trend toward lower C/N ratios indicates that organic matter in the upper part
of Subunit IIB and in Subunit IIA is derived mainly from marine algae, which is consistent
with the interpretation of Subunits IIA–IID as a transgressive sequence.
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For Lithostratigraphic Unit II, S1 and S2 are generally proportional with TOC, while
S3 is proportional to TOC for samples with TOC >10%, but for samples with lower TOC and
higher carbonate the S3 values appear to be influenced by some carbonate decomposition
(Katz, 1983). Hydrogen index (HI) vs. oxygen index (OI) shows that most samples with TOC
>3% plot along the Type I-II organic matter evolution path. Production index (PI) values
(excluding <3 wt% TOC samples) average about 1.5% indicating relatively low degree
(0.01 to 0.03) of conversion (transformation ratio) of kerogen to hydrocarbons. The Tmax of
the primary kerogen is estimated to be in the range of 425–430°C. The correlation of Peters
et al. (2004) gives an estimate of vitrinite reflectance of about 0.5%. Empirical Tmax vs.
depth correlations for continuously subsiding sediments suggest a maximum burial depth
of 2 km for thermal gradients in the range of 30–40°C/km.
5.1.3.6 Downhole Measurements
Four tool strings were deployed to log a 330 m section of Hole U0080A, collecting
data that include natural gamma ray, density, porosity, resistivity, electrical images,
velocity, magnetic susceptibility, and seismic check shots. The hole was in very good
condition, allowing acquisition of high quality logging data to complement the partial core
recovery. Formation MicroScanner (FMS) images clearly resolve the systematic SW dip of
the Cretaceous beds. Magnetic susceptibility and NGR data allow the depth of cored
intervals that were misplaced because of partial recovery to be accurately assigned their
true depth.
The NGR data were of particular importance because of their bimodal signal, with
high values indicative of shales and low values indicative of sandy units, the latter of which
were poorly recovered by coring. Hence, what appeared to be mainly a stratigraphic
section of shale was shown to be roughly equal proportions of sandstones and shales. The
NGR data were used to define the lithostratigraphic subunits as shown in Figure 5.1-F4.
5.1.3.7 Core-Log-Seismic Integration
Densities and P-wave velocities from logging measurements were combined to
correlate seismic reflections with lithologic variations. An acoustic impedance profile was
derived from multiplying the unedited compressional sonic velocity by the bulk density.
These acoustic impedance data were then used to generate a reflectivity series that was
convolved with a seismic wavelet to produce a synthetic seismogram. Comparison of the
synthetic seismogram with traces of the seismic data illustrate that seismic reflections can
be confidently correlated to changes in lithology. Higher-amplitude reflections present
within the seismic reflection data are attributed to beds that contain high concentrations of
organic carbon and those that have been altered by siderite or dolomite cement.
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5.1.4 Highlights
Coring at Site U0080 exceeded goals and expectations in many ways. From an
operations perspective, the site was virtually trouble free: the duration of operations were
in line with the planned duration, the hole was cored to a depth of 358.5 mbsf, deeper than
the intended depth of 350 mbsf, and the hole was in excellent condition for logging. More
importantly, the core and logging data acquired provide a plethora of information for
assessing lithologies, ages, paleoenvironmental settings, physical properties, and potential
source rock characteristics. Highlights for Site U0080 include:












Determining that the primary lithologies are interbedded carbonaceous claystones,
mudstones, siltstones, sandstones, coals, and cemented sandy siltstones.
Estimating the age of the primary lithologies as Aptian(?)–Albian (~110-100 Ma)
from the presence of dinoflagellates, pollen, and spores.
Reconstructing the paleoenvironmental setting from sedimentological, paleontological, geochemical, and logging evidence to conclude that Site U0080 was located
in a marginal marine setting associated with middle to lower delta environments
during a transgressive sequence.
Characterizing the seismic velocity, porosity, and density of the rock units and using
them to predict depths to seismic reflectors
Correlating a synthetic seismogram generated from logging data with seismic
reflection data to show that prominent reflections are caused by intervals
containing high concentrations of organic carbon or that have been cemented with
siderite or dolomite cement.
Determining that the variability in physical properties is mainly attributable to the
presence of pore-filling siderite cement, which increases velocity, density, and
magnetic susceptibility and reduces porosity, and to the relative abundance of
organic matter (particularly related to coalification), which lowers density and
velocity.
Stratigraphically repositioning the true depths of each core and determining what
material was not recovered using the logging NGR and magnetic susceptibility data.
Showing that the source rock potential of many of the carbonaceous units in
Lithostratigraphic Unit II are promising for oil and gas generation, as indicated by
relatively high organic matter content, high hydrogen index, relatively high S2, and
Tmax of 425–430°C.
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5.2 Operations
5.2.1 Transit to Site U0080
The JOIDES Resolution (JR) departed Site U0110 at 0215 hrs on 17 August 2012, on
route to Site U0080. The 63.4 nmi trip took 7.3 hours at an average speed of 8.7 knots. We
passed several icebergs along the route, requiring the ship to alter course and transit at a
relatively slow speed (Fig. 5.2-F1).

Figure 4.2-F1. Transit from Site U0110 to Site U0080.

5.2.2 Site U0080 Operations
Operations at Site U0080 began at 0930 hrs on 17 August. Operations for the first
2.5 hours on site included lowering thrusters, positioning the vessel over the site
coordinates, making up the bottom-hole assembly (BHA), and running the bit down to near
the seafloor. Another 7 hours were spent conducting a ROV survey of the seabed and
confirming the coordinates for Hole U0080A, which was accomplished by placing the bit on
the seafloor and then setting the ROV, with the Fugro positioning beacon attached, next to
the bit. These and other Site U0080 operations are listed in chronological order in Table
5.2-T1 and illustrated in Figure 5.2-F2.
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Figure 5.2-F2. Planned and actual operations at Site U0080.
Hole U0080A was spudded at 1900 hrs on 17 August. Unlike the thick Quaternary
overburden at Site U0110, Site U0080 had at most a few meters of overburden, of which 0.8
m were recovered in the first core (see section “5.3 Lithostratigraphy”). Coring with the
rotary core barrel (RCB) system proceeded rather uneventfully, with two minor exceptions.
The first was 1.75 hours of waiting on weather due to excessive heave, which occurred
before cutting of the first core had been completed. After cutting Core U0080A-7R (31.9–
41.7 mbsf), it was deemed prudent to drop a free-fall funnel (FFF) because an iceberg was
approaching within the JR’s ice-management zone. The FFF was deployed in 1.5 hours, but
was not needed because the trajectory of the iceberg changed, and drilling continued
without the need to pull out of the hole. Coring then continued uninterrupted to the total
depth (TD) of 358.5 mbsf. A total of 140.12 m of core were collected from the 42 cores
drilled, giving a core recovery of 39% for the hole. Other coring statistics are provided in
section “5.1 Site Summary” (Tables 5.1-T1 and -T2).
Following the completion of coring, the hole was prepared for logging with a sweep
with high viscosity mud, the bit was dropped at the bottom of the hole, and the pipe was
raised to 31 mbsf. Four logging runs were completed in 20 hours (see section “5.7
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Downhole Measurements”). Initially only three runs were to be done, but an instrument
communication failure in the Formation MicroScanner (FMS)-Sonic tool string required
that the FMS and Sonic tools be run separately. Logging was completed at 1030 hrs on 22
August. The pipe was tripped to the surface, the beacon recovered, and the rig secured for
transit, with operations at Hole U0080A ending at 1242 hrs on 22 August 2012.
Table 5.2-T1. Site U0080 operations.
Date

Time (hrs)

Hours

Location

Activity

17-Aug-12

0215-0930

7.25

Transit

17-Aug-12

0930-1130

2.00

Hole U0080A

17-Aug-12

1130-1200

0.50

Hole U0080A

Vessel over site coordinates at 1134 hrs. Begin rigging up to
deploy ROV for pre-spud survey of seafloor.

17-Aug-12

1200-1900

7.00

Hole U0080A

Deploy ROV and conduct seabed survey around prospective spud
location. Confirm location coordinates with Fugro. Recover ROV.

17-Aug-12

1900-2145

2.75

Hole U0080A

Spud Hole U0080A at 1855 hrs.; seafloor tag at 234.0 mbrf. Begin
RCB coring and advance to 242.0 mbrf. Suspend drilling
operations due to excessive heave.

17-Aug-12

2145-2330

1.75

Hole U0080A

Waiting on weather (WOW).

17-Aug-12

2330-2400

0.50

Hole U0080A

Resume RCB coring. Cut and recover Core 1R to 9.2 mbsf (243.2
mbrf).

18-Aug-12

0000-1200

12.00

Hole U0080A

Continuous RCB coring to 31.9 mbsf (265.9 mbrf). Cut and recover
Cores 2R through 6R to 31.9 mbsf (265.9 mbrf).

18-Aug-12

1200-1430

2.50

Hole U0080A

Cut and recover RCB Core 7R to 41.7 mbsf (275.7 mbrf).

18-Aug-12

1430-1600

1.50

Hole U0080A

Rig-up and deploy FFF. Iceberg encroachment not yet within Ttime zone; however, likely to occur within the next few hours.

18-Aug-12

1600-2400

8.00

Hole U0080A

Resume RCB coring. Cut and recover Cores 8R and 9R to 60.9 mbsf
(294.9 mbrf). Iceberg turned south and did not breach vessel Ttime zone. Continue with RCB coring.

19-Aug-12

0000-1200

12.00

Hole U0080A

Continuous RCB coring to 136.0 mbsf (370.0 mbrf). Cut and
recover Cores 10R through 17R to 128.1 mbsf (362.1 mbrf).

19-Aug-12

1200-2400

12.00

Hole U0080A

Continuous RCB coring to 204.8 mbsf (438.8 mbrf). Cut and
recover Cores 18R through 25R to 204.8 mbsf (438.8 mbrf). Core
25R recovered 4.29 m (44.7%).

20-Aug-12

0000-1200

12.00

Hole U0080A

Continuous RCB coring to 272.0 mbsf (506.0 mbrf). Cut and
recover Cores 26R through 32R.

20-Aug-12

1200-2400

12.00

Hole U0080A

Continuous RCB coring to 319.0 mbsf (553.0 mbrf). Cut and
recover Cores 33R through 36R to 310.4 mbsf.

21-Aug-12

0000-1115

11.25

Hole U0080A

Continuous RCB coring to 358.5 mbsf (592.5 mbrf). Cut and
recover Cores 37R through 42R.

21-Aug-12

1115-1145

0.50

Hole U0080A

Sweep hole with high-viscosity mud.

Underway at reduced speed periodically altering course to avoid
icebergs.
Lower thrusters/hydrophones and position vessel over location
coordinates. Deploy JR positioning beacon at 1122 hrs. Make-up
RCB BHA and lower drill string to 171.8 mbrf while positioning
vessel.
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Date

Time (hrs)

Hours

Location

Activity

21-Aug-12

1145-1245

1.00

Hole U0080A

21-Aug-12

1245-1400

1.25

Hole U0080A

21-Aug-12

1400-2030

6.50

Hole U0080A

21-Aug-12

2030-2400

3.50

Hole U0080A

Make-up and RIH with VSI tool string. Begin logging with VSI.
Second tool string also reached TD.

22-Aug-12

0000-0230

2.50

Hole U0080A

Layout VSI tools and make-up FMS-Sonic tool string. Power up
tools. No communication to FMS. Troubleshoot tool string.

22-Aug-12

0230-0600

3.50

Hole U0080A

Layout Sonic tools and RIH with FMS tools to 353 mbsf (587.0
mbrf). Log with FMS and POOH with tool string.

22-Aug-12

0600-1000

4.00

Hole U0080A

Make-up Sonic tool string & RIH for 4th logging run. Log up from
TD and recover Sonic tool string.

22-Aug-12

1000-1030

0.50

Hole U0080A

Rig down from logging.

22-Aug-12

1030-1200

1.50

Hole U0080A

POOH. Clear seafloor at 1035 hrs. Continue to POOH and rack BHA.
Recover positioning beacon while handling tubulars. Beacon
onboard at 1158 hrs. Rig secure for transit.

22-Aug-12

1200-1245

0.75

Hole U0080A

Pull thrusters/hydrophones. Switch from DP to cruise mode. Begin
sea voyage at 1242 hrs, marking the end of Site U0800 operations.

RIH w/ shifting tool & release bit. Recover shifting tool.
POOH to 310.0 mbsf (544.0 mbrf). Set back top drive and continue
to POOH. Position EOP at 31.0 mbsf (265 mbrf) for wireline
logging.
Rig-up for logging. Make-up Triple Combo tool string (MSSHRLA/HLDS/HNGS) & RIH to 353 mbsf (587.0 mbrf). Stop short of
encountering released bit/bit release hardware at TD. Log with
Triple Combo, recover, and layout at rig floor.
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5.3 Lithostratigraphy
5.3.1 Overview
One hole was drilled at Site U0080 using the RCB, recovering 42 cores (Fig. 5.3-F1).
Total depth penetrated at Hole U0080A was 358.5 mbsf with 140.12 m of recovered
sediments and rock. The upper 0.80 m of sediments recovered in Hole U0080A are
diamicts. Below this, the lithofacies are dominantly carbonaceous claystones, mudstones,
siltstones, and sandstones with minor occurrences of coal.

5.3.2 Lithostratigraphic Units
Two lithostratigraphic units are defined at Site U0080 (Fig. 5.3-F1).
Lithostratigraphic Unit I (0–0.80 mbsf) consists of a muddy, clast-rich diamict.
Lithostratigraphic Unit II (0.80–358.5 mbsf) consists of interbedded carbonaceous
claystones, mudstones, siltstones, sandstones, and coals. Unit II was further subdivided into
four subunits. Subunit IIA (0.80–80.1 mbsf) is dominated by carbonaceous claystones;
Subunit IIB (80.1–262.4 mbsf) is characterized by decimeter- to meter-scale variations
between carbonaceous mudstones, siltstones, and sandstone; Subunit IIC (262.4–345.9
mbsf) is dominated by the carbonaceous mudstone facies with lesser occurrences of the
coarser units; and Subunit IID (345.9–358.5 mbsf) is primarily cemented siltstones and
sandstones.
Sediments from Lithostratigraphic Unit I are interpreted to record post-glacial
deposition based on the presence of bivalve shells and shell fragments within the diamict.
Sediments from Lithostratigraphic Unit II are interpreted to record deposition in marginal
marine settings with abundant vegetation, high sedimentation rates, and reduced salinity.
The four subunits in Unit II are interpreted to reflect changes in proximity to a distributary
channel system associated with a delta top. The marked change in sediment type and
interpreted environment of deposition from Unit II to Unit I, as well as the unconformable
relationship between these two units on seismic profiles, strongly supports the presence of
a significant hiatus between these two units.

5.3.3 Facies Descriptions
Seven lithofacies were identified at Site U0080 based on grain size differences (see
section “2.3 Lithostratigraphy” for a description of grain size classification and assigned
rock names). Layering and current controlled features, such as cross bedding and rippling,
are also inherent in some of the lithofacies, and are directly related to the depositional
environment (i.e., proximity to distributary channels).
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Figure 5.3-F1 Plot recovery and generalized lithology at Site U0080.
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5.3.3.1 Facies 1 – Clast-Rich Muddy Diamict
The muddy, clast-rich diamict lithofacies is very dark gray and massive, showing
little to no layering or stratification (Fig. 5.3-F2). Clasts vary from granule to pebble in size.
Clast lithology includes granites, gneisses, basalt, and sedimentary intraclasts. A whole
bivalve shell and several shell fragments are found in Facies 1 (Fig. 5.3-F3).

Figure 5.3-F2. Core photograph of Facies 1, diamict (Interval U0080A-1R-1A, 0-10 cm).
Pebble sized clasts shown here have granitoid, basaltic, and sedimentary interclast
lithologies. The close up photograph of the shell shown in Figure 5.3-F3 is located on the
right edge of the photograph at 5-6 cm.

Figure 5.3-F3. Core photograph of mollusk shell (Interval U0080A-1R-1A, 5-6 cm). (A)
Dorsal view, (B) Ventral view.
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5.3.3.2 Facies 2 – Black Carbonaceous Claystone
The carbonaceous claystone lithofacies is distinguished by its clay-sized grains and
is black to very dark gray in color (Fig. 5.3-F4). Thin to medium laminae, when present, are
difficult to observe because of the black coloring of this lithofacies. Core containing
carbonaceous claystone tends to break along bedding surfaces creating the appearance of
layering of 1 to 3 cm. However, in several of the recovered sections, thin laminae are
present indicating that the primary layering is much finer. The split surface of
carbonaceous claystone often has a sheen, which can be diagnostic in distinguishing
between this and the carbonaceous mudstone lithofacies. Carbonaceous claystone beds are
most commonly dm- to m-scale, but in Core U0080A-10R, the claystone facies is at least 4
m thick and apparently continuous. Bioturbation ranges from absent to abundant. When
present, ichnofauna of Chondrites, Planolites, and Scolicia are identified (Fig. 5.3-F5). Pyrite
is not observed in this facies. Carbonaceous claystone is the dominant lithofacies in Cores
U0080A-2R through -11R.

Figure 5.3-F4. Detailed photograph of Facies 2, carbonaceous claystone (Interval U0080A9R-1A, 95-110 cm).
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Figure 5.3-F5. Detailed photograph of bioturbation found in some intervals of Facies 2,
carbonaceous claystone (Interval U0080A-7R-1A, 40-50 cm). Ichnofauna include
Chondrites, Planolites, and Scolicia. Interval of core shown is 10 cm long.
5.3.3.3 Facies 3 – Carbonaceous Mudstone
The carbonaceous mudstone lithofacies is variable in grain size. A low silt variety
with thin laminae has an appearance similar to carbonaceous claystones (Facies 2). The
more silt-rich end member is generally massive with little layering visible. This variety
often grades into the coarser siltstones (Fig. 5.3-F6). Finer-grained mudstones are
generally very dark gray approaching black in color relative to dark gray to gray coloring in
the coarser varieties of mudstone. Carbonaceous mudstones differ in appearance from the
carbonaceous claystone by having a dull luster on the split surface, attributed to higher
percentages of silt grains. The silt content can be detected by its gritty feel, especially in the
siltier varieties, and is confirmed by smear slide analysis. Beds of this facies are typically
dm- to m-scale, but can be much thicker such as in Core U0080A-33R, which recovered 8.5
m of apparently continuous carbonaceous mudstone. Sandstone stringers and lenticular
bedding are also found in the carbonaceous mudstone facies (Fig. 5.3-F7). Soft sediment
deformation structures are common in this lithofacies and are most easily seen when thin
silt layers are present. These features vary from simple load structures to spectacular
contortions of laminae (Fig. 5.3-F8). Carbonaceous siltstones and sandstones (Facies 4 and
5) are often associated with the mudstone facies.
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Figure 5.3-F6. Detailed photograph of (a) silt-poor (Interval U0080A-16R-1A, 86-96 cm)
and (b) silt-rich (Interval U0080A-16R-1A, 116-126 cm) carbonaceous mudstones in Facies
3. The interval span the range of grain sizes present in Facies 3. The interval of core shown
in each photograph is 10 cm long.

Figure 5.3-F7. Example of lenticular sands found in Facies 3 (Interval U0080A-16R-1A, 98104 cm).
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Figure 5.3-F8. Example of soft sediment deformation in carbonaceous mudstone of Facies
3. (a) Intermixing of the light and dark muddy sediments (Interval U0080A-26R-1A, 21-60
cm); and (b) continuation of the deformation in the next section (Interval U0080A-26R-2A,
0-8 cm).
5.3.3.4 Facies 4 – Carbonaceous Siltstone
The carbonaceous siltstone lithofacies varies from dark gray to gray, depending on
organic carbon content (Fig. 5.3-F9). This facies shows distinct layering in some intervals,
while other intervals are massive due to complete bioturbation of the original laminae.
Thin sand layers are common within the siltstone facies and where present often show soft
sediment deformation such as load structures. In some intervals of this facies, cm-scale
root traces are common (Fig. 5.3-F10).
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Figure 5.3-F9. Example of siltstone lithology of Facies 4 (Interval U0080A-37R-3A, 49-69
cm). The photo shows the ranges in color and layering. Layering is evident in the top
portion of the interval, showing slight burrowing, below which bioturbation completely
destroyed the lamina. The lighter sediments are dominantly sands. The uppermost sand
layer shows soft sediment deformation from loading.

Figure 5.3-F10. Example of root traces in carbonaceous siltstone (Facies 4), along with
burrowing of lighter sand clasts (Interval U0080A-25R-1A, 29-39 cm). Interval of core
shown is 10 cm long.
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5.3.3.5 Facies 5 – Silty Sandstone
Beds of the silty sandstone lithofacies show a range of depositional features from
weakly developed layering to highly layered beds with complex bed forms and internal
stratification at the cm-scale. Massive beds vary in color based on the amount of fine grain
carbonaceous material incorporated into the sands (Fig. 5.3-F11). If not heavily
bioturbated, this lithofacies generally contains one or more of the following: horizontal or
subhorizontal stratification at the scale of thick laminae to thin beds; cross-stratification at
small ripple-scale, including abundant mud drapes (Fig. 5.3-F12), and soft-sediment
deformation features. The silty sandstone facies is generally gray to dark gray in color
determined by the amount of carbonaceous mud that often drapes the laminae. Some
intervals of this facies are heterolithic, showing carbonaceous siltstones and mudstones
intermixed with the sandstones on the cm-scale (Fig. 5.3-F12). This lithofacies can be
intensely bioturbated (Fig. 5.3-F13). Variations on the dm- to m-scales show the silty sand
lithofacies often grading into carbonaceous siltstones and mudstones.

Figure 5.3-F11. Example of massive sandstone of Facies 5 with little layering visible. (a)
More carbon rich sandstone (U0080A-35R-3A, 104-114 cm). (b) Less carbonaceous
sandstone (U0080A-35R-3A, 123-136 cm).
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Figure 5.3-F12. Example of the
heterolithic nature of the sandstone
lithofacies (Facies 5). Ripple-scale crossstratification and laminae are highlighted
by claystone drapes (Interval U0080A20R-4A, 61-73 cm). Interval of core
shown is 12 cm long.
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Figure 5.3-F13. Example of heavily
bioturbated sandstone lithology in Facies
5 (Interval U0080A-19R-1A, 108-124 cm).
Interval of core shown is 16 cm long.
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5.3.3.6 Facies 6 – Black Coal
The black coal lithofacies is identified by its dark color, shiny appearance on a
freshly broken surface, low density, and tendency to fracture vertically during drilling (Fig.
5.3-F14a). Coals in the cored sections are in beds ranging from about 1 to 2 cm thick, but
appear most often as thin “stringers” from discreet pieces of terrestrial plant fragments
incorporated in the siliciclastic sediments. Plant macrofossils are still visible in some
intervals of the coal lithofacies (Fig. 5.3-F14b). Very thin layers of coal (<1 cm) are
observed within some of the carbonaceous mudstones, siltstones, and sandstones, but are
not distinguished as distinct beds when observed in such limited extent.

Figure 5.3-F14. (a) Example of coal lithology in Facies 6 (Interval U0080A-18R-2A, 114-118
cm). (b) Example of plant material found on the underside of the piece of coal found at
Interval U0080A-25R-3A, 113-115 cm.
5.3.3.7 Facies 7 – Cemented Sandy Siltstone
This lithofacies is texturally similar to the heterolithic silty sandstones of Facies 5.
The key features distinguishing Facies 7 from other lithofacies described above are: (1)
strong cementation by calcite and dolomite (see “5.3.6 X-Ray Diffraction and Thin
Sections”); (2) bright color with greenish and reddish stains (e.g., U0080A-41R-2, 85 cm);
and (3) fractured and brecciated fabric in places (Fig. 5.3-F15). This facies is associated
with thin, mm- to cm-scale fractures filled with silicified red sediment (jasper).
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5.3.4 Facies interpretations
Lithofacies 1 is interpreted as a postglacial diamict, based on its sedimentary
characteristics and its stratigraphic position. The presence of marine macrofossils (e.g., an
intact bivalve shell and shell fragments) within the diamict sediments indicate a proximal
glacigenic environment deposited as “rain-out tills” formed beneath ice shelves. The
presence of diatom frustules (see section “5.4 Chronostratigraphy”) argues for periods of
open water.
The fine grain size of the carbonaceous claystone lithofacies (Facies 2) indicates
deposition under low energy conditions. Where visible, laminae are intact, consistent with
the general observation that bioturbation is minimal in this lithofacies. Most of the
described intervals of Facies 2 report bioturbation as absent. This is interpreted to reflect
anoxic pore water conditions, which were unfavorable for macroscopic benthic infauna.
The high organic carbon content and inferred rapid sedimentation rates in Facies 2 are
interpreted as reflecting either high input of terrestrial carbon transported into this system
or high primary production and export to the bottom sediments. Either source of carbon
would quickly consume the pore water dissolved O2 driving the pore waters to anoxia.
Intervals with moderate to abundant bioturbation are always associated with increased silt
content, which is interpreted as episodic bottom currents introducing oxygenated waters
along with the coarser sediment. Common ichnofauna in these bioturbated intervals
include Chondrites, Planolites, and Scolicia. The ichnofauna diversity is very low (mostly
monotypic assemblages of Planolites or Chrondrites). Scolicia is apparently much smaller (<
0.5 cm in diameter) than the typical size in marine environments. The low diversity and
small size indicates some environmental stress and is consistent with the interpreted poor
oxygenation. Lowered salinity and high concentration of suspended particles might also
have contributed.
The carbonaceous mudstone, siltstone, and sandstone lithofacies (Facies 3-5) are
commonly found together, recording changes in grain size on dm- to m-scales as either
fining (more common) or coarsening (less common) upward sequences. The relative
absence of the carbonaceous claystone lithofacies within these facies sequences indicates
that Facies 3-5 record positions more proximal to distributary channels than the
environment where the carbonaceous claystone lithofacies was deposited. Carbonaceous
root traces are often present within the carbonaceous siltstone facies indicating relatively
shallow water depths (Fig. 5.3-F10).
Small-scale cross-stratification and scoured bases are common in the sandstone
lithofacies (Facies 5) together with carbonaceous mud drapes that reflect the alternation
between periods of bedload transport and deposition from suspension. These changes
probably resulted from short-term events, and indicate variations in current intensity with
repeated periods of quiet water. Intermixing of lithofacies 3-5 indicates that these
sediments were deposited proximal to distributary channels. The dm-scale variations often
form fining upward sequences implicating short-term or event-triggered sequences.
Breach of a distributary channel’s levee through either collapse or storm events are both
viable possibilities. In some intervals the coarse sediment is sand size, indicating that this
location was very near the distributary channel.
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Figure 5.3-F15. Examples from Facies 7. (A) Interval U0080A-42R-1A, 23-35 cm; bright
color, abundant fractures leading locally to a brecciated appearance (note the meandering
shape of vertical fractures, suggesting that the sediment was not fully compacted during
their formation). (B) Interval U0080A-41R-2, 58-78 cm. Sharp contact with the overlying
Unit at 68 cm. Note sand and gravel pavement and a distinct color change across the
boundary.
The coals of Facies 6 are interpreted as in-situ deposits and could be deposited when
a distributary channel migrates away from this site. This facies represents either coastal
tidal marshes or coastal freshwater swamps. Distinguishing between these two alternatives
will require additional data; ash contents of the coals and/or paleobotanical identification
of the plant components within the coals would be most helpful.
Textural similarity of Facies 7 to the overlying heterolithic facies suggests that the
primary sedimentary environment was similar to that of Facies 5. However, distinct color,
strong cementation, fracturing and brecciation (Fig. 5.3-F15a) suggest that Facies 7
underwent post-depositional alteration. Relatively bright color and greenish to reddish
stains suggest oxidation of organic matter, which must have preceded accumulation of the
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overlying facies (see sharp boundary and color contrast on Fig. 5.3-F15b). Vertical
fractures have been compacted to small-scale, but distinct meanders occur (Fig. 5.3-F15a)
suggesting that the sediment was not fully consolidated at the time of their formation.
Although root traces have not been identified in Facies 7, it is likely that Facies 7 records
subaerial exposure and pedogenic modification. The lack of root traces is possibly related
to erosional truncation of the pedogenic surface, as suggested by the sharp upper contact
and sand/gravel pavement at the top of Facies 7 (Fig. 5.3-15b).

5.3.5 Unit Descriptions and Interpretations
Based on visual core descriptions and smear slide analyses, the sediments at Site
U0080 are divided into two lithostratigraphic units.
5.3.5.1 Unit I
Interval: 344S-U0080A-1R-1, 0 cm, through -1R-1, 80 cm (0–0.80 mbsf)
Depth: 0–0.80 mbsf
Age: Quaternary
Unit I is composed of diamicts of Lithofacies 1. Clasts within the diamicts are
dominated by gneisses and granites/granitoids, with lesser amounts of dolerite, and
sedimentary clasts. Macrofossils and microfossils (rare) were observed in Lithofacies 1.
The recovery of only 80 cm of diamict reflects either: 1) a locally very thin deposit,
or 2) poor recovery. Core U0080A-1R advanced 9.2 m recovering only 2.02 m, allowing that
up to 7.2 m of core may have been lost. However, this is a maximum estimate since there
was only one hole cored at Site U0080 and it is unclear whether the recovery of Core
U0080A-1R started at the seafloor. Regardless, the seismic reflection profiles indicate a
thin Quaternary package at this location.
The stratigraphic position of Unit I and the characteristics of Lithofacies 1 support
interpretation of these sediments as glacigenic and postglacial deposits. The presence of an
unstratified diamict suggests that this sediment was deposited subglacially in ice contact;
the presence of marine macrofossil debris, however, indicates that periods of open water
influenced diamict emplacement.
5.3.5.2 Unit II
Interval: 344S-U0080A-1R-1, 80 cm, through -42R-CC (0.80–358.5 mbsf)
Depth: 0.80–358.5 mbsf
Age: Aptian (?)–Albian
Supplementing the record from recovered core lithologies with the gamma ray logs
allows for the subdivision of Unit II into 4 subunits (Fig. 5.3-F16). The subdivisions
represent lithologic packages >30 m thick that have either a dominant lithology or a
pattern of complexly stratified lithologic changes on scales of >1 m. In general, all subunits
are interpreted to be marginal marine deposits. More specifically, rocks from Unit II were
most likely part of a distributary channel system on a lower delta top.
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Figure U0080-5.3-F16. Plot of recovery, generalized lithologies, average grain size,
lithostratigraphic units, ages and gamma ray log at Site U0080. The upper 30 m of the
gamma ray record was logged through the drill pipe, greatly attenuating the signal. The
record shown in this interval is obtained by multiplying the gamma ray values by 6, which
is an arbitrary choice providing a record that visually matches the whole core NGR record.
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Subunit IIA
Subunit IIA is defined by the interval where carbonaceous claystone (Facies 2) is the
dominant lithofacies. Subunit IIA occurs from 0.80 to 80.1 mbsf (U0080A-1R-1A, 80 cm
through -11R-CC). Even though core recovery was <50%, the gamma log indicates that the
recovered core accurately reflects the lithologies of the cored interval. In other words, few
if any other lithologies (e.g., sandstones) were preferentially lost due to drilling in this
subunit. The abundance of fine-grained rocks and scarcity of bedload structures in the
carbonaceous claystone lithofacies means that the "basinal" currents were weak requiring
a protected environment. Fluvial-dominated deltaic systems typically have irregular coast
morphologies with numerous bays, lagoons, swamps, etc. The occasional silt or sand lens
may reflect event deposition, possibly resulting from storms or breaches in levees along a
distributary channel.
Smear slide and XRD analyses on samples from the carbonaceous claystone
lithofacies indicate the presence of siderite in several intervals (Table 5.3-T1). Thin section
and smear slide samples show that the siderite grains are secondary, indicating a postburial diagenetic process. Siderite (FeCO3) formation requires specific conditions, including
reduced iron, bicarbonate, and the absence of sulfate (Berner, 1981). High TOC and
methane (see “5.6 Geochemistry”) point to active bacterial methanogenesis in Subunit IIA
where siderite was common. Methanogenesis reduces iron oxides (Fe2O3), which are
transported as part of the detrital load. Methanogenesis also produces bicarbonate during
the oxidation of organic matter (Curtis et al., 1986). Thus, both reactants are available for
siderite formation, but precipitation will only occur in the absence of SO4=. In Hole U0080A,
no pyrite was observed, indicating no initial sulfate was present or that concentrations
were low and quickly consumed in the oxidation of organic matter. Matsumoto and Iijima
(1981) showed that both SO4= and Ca++ concentrations are much higher in marine relative
to freshwater environments, leading to the preferred precipitation of FeS2 and CaCO3 as the
main bi-products of methanogenesis of marine organic matter. The presence of siderite and
absence of pyrite in Subunit IIA at Site U0080 indicate freshwater to brackish conditions at
the time of deposition of Subunit IIA at Site U0080. Brackish water dinoflagellate cysts are
found in the intervals with siderite (see section “5.4 Chronostratigraphy”). It is important
to note that siderite is not always present in the carbonaceous claystone lithofacies,
indicating fluctuating burial conditions (e.g., differences in the amounts of free iron or
initial sulfate buried). The formation of siderite also may be responsible for the
extraordinarily high P-wave velocities (>4000 m/s), low-porosity (~10%), and highdensity (~2.9 g/cm3) in claystone samples (see section “5.5 Physical Properties”).
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Table 5.3-T1. Bulk XRD results showing qualitative abundance of minerals in the Site
U0080 samples. Mineral are semi-quantified and designated as abundant (A) =>30%,
common (C) = 10-30%, few (F) = 3-10%, or rare (R) = <3%.

Subunit IIB
Subunit IIB is defined as the interval with repeated changes between the
carbonaceous mudstone, siltstone, and sandstone lithologies rather than an interval
dominated by any single lithology. This subunit spans 80.1 to 262.4 mbsf (Cores U0080A 12R through -31R). Subunit IIB shows rapid changes among the three lithologies (Facies 2,
3, and 4) which grade into one another or alternate with sharp contacts. Gradational
changes occur as either fining or coarsening upward sequences. Fining upward sequences
usually have sharp basal contacts, recording rapid changes in sedimentation. The basal
sediments often display ripples or laminated sands indicative of stronger current flow on
which progressively finer material settles. This pattern is interpreted to record events
related to the breach or overflow of a distributary channel levee. The relative quick return
to finer grained sedimentation is consistent with this interpretation. The highly variable
lithofacies distribution within Subunit IIB indicates depositional environments proximal to
the distributary channels, such that short-term events and/or small lateral migrations in
the distributary channels generate large grain-size variations.
The gamma log confirms the more limited core observations that Subunit IIB is
characterized by rapid fluctuations between Facies 2, 3 and 4 (Fig. 5.3-F16). More often
than not, sharp lithologic changes reflect material lost during drilling and the logging data
indicate that much of the lost material was sandstone (Fig. 5.3-F16; see section “5.7
Downhole Measurements”). For example, recovery in Cores U0080A-32R through -34R
(264–292 mbsf) is >90%, where gamma ray values are persistently high and indicate
carbonaceous mudstone facies with few to no sandstone beds. In contrast, Cores U0080A17R and -21R recovered 0.05 and 0 m, respectively. The gamma log is low in these
intervals, suggesting rocks dominated by the sandstone lithology. The recovered rock
record is therefore biased towards the finer grained lithofacies, showing only small
intervals of sand deposition (Fig. 5.3-F16).
What is missing in the recovered rocks, therefore, is the rock record for distributary
channel sands. In Subunit IIB, only 28% of the cored section was recovered. Assuming a
value of 50 gAPI as an upper limit for sands yields an estimate from the logs that
sandstones represent 47% of Subunit IIB. For comparison, sandstone is only 14% of the
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recovered core. Sands are notoriously difficult to recover in RCB drilling. The low recovery
in Subunit IIB as exemplified by the lack of sediments in Cores U0080A-17R and -21R
argues for much more sandstone in the cored section than represented by the recovered
rock record. The sands not recovered in these cores probably represent channel sand
deposits. This line of evidence completes the picture of Subunit IIB as being an
environment dominated by sedimentation in and near distributary channels. Otherwise,
the rock record presents an enigma of having evidence that a distributary channel is
nearby but having no record of it.
Subunit IIC
Subunit IIC, spanning 262.4 to 345.9 mbsf (Cores U0080A-32R through -41R-2, 65
cm), is dominated by the carbonaceous mudstones lithofacies (Facies 3) at the expense of
the sandstone lithofacies (Facies 5). Increased core recovery (>90%) is a byproduct of this
lithology. In the middle part of Subunit IIC, the sandstone lithofacies (Facies 5) increases,
which results in a decrease in core recovery (Cores U0080A-35R and -36R). The dominance
of the carbonaceous mudstone lithofacies is indicative of a more distal environment from
distributary channels. This might also reflect a time of more stability in channel positions,
recording only one apparent migration over Site U0080.
Subunit IID
Subunit IID is composed of cemented sandy siltstones (Facies 7) at the base of the
hole, from 345.9 to 358.5 mbsf (Cores U0080A-41R and -42R-2, 65 cm). Subunit IID
appears to be a pedogenically modified heterolithic sediment. Originally, this subunit was
probably deposited in the same environments as Subunit IIC or IIB, but was later modified
by pedogenic processes. Relative base level fall, which temporarily prevented further
sediment accumulation and exposed the heterolithic facies to subaerial pedogenesis, can be
inferred at the top of Subunit IID. Silicified fractures found rarely in this facies (e.g.,
U0080A-42R-2, 7-8 cm) are likely post-depositional, related to brittle deformation during
later (Cenozoic) tectonic phases.
The large-scale sedimentation pattern at Site U0080 shows coarser-grain deposition
and exposure with possible pedogenesis (Subunit IID) followed by finer-grained and less
variable sedimentation in Subunit IIC (Fig. 5.3-F16). Subunit IIB shifts back to coarser,
highly variable sediments followed by finer, stable grain sizes in Subunit IIA. Two natural
processes can explain these general changes. One is lateral movement of the river or
distributary channels, migrating across the delta top, changing the distance between this
location and the channel sands. These processes occur on centennial to millennial scales.
Superimposed on this scale of variation are short-lived, high-energy depositional events,
occurring when breaches of a levee through either flooding or physical failure allow rapid
input of coarser grained sediments that quickly fine upward.
Progradation of the delta front and delta top will also cause a general change from
finer to coarser grain sizes. For example, the change from Subunit IIC to IIB reflects a
general coarsening upward in grain size. This coarsening sequence can be interpreted as an
advance of a delta front towards our site eventually being overlain by aggrading delta
front/delta plain sands (Subunit IIB).
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5.3.6 X-Ray Diffraction and Thin Sections
Qualitative and ratio based summaries of XRD data from Site U0080 are shown in
Tables 5.3-T1 and -T2. Quartz is the most abundant mineral found in the XRD analyses
followed by kaolinite (7.1 Å). Siderite (2.79 Å) is abundant in the claystones in Subunit IIA
and the uppermost mudstone lithofacies in Subunit IIB (e.g., Samples U0080A-12R-1, 6-8
cm and -13R-2, 29-31 cm). Fine-grained intervals analyzed by thin-section (e.g., U0080A6R-3 and -13R-2) were identified by XRD as being primarily composed of siderite. The
presence of potassium-feldspar (e.g., microcline) in most samples indicates that the
terrigenous supply was relatively immature. A small peak at 2.56Å in many samples is
possibly related to Fe-oxide minerals (e.g., titanomagnetite). The clay fraction is
predominantly kaolinitic with a subsidiary illite component in the uppermost two samples.
The presence of potassium-feldspar and kaolinite in most of the samples may suggest a
humid and relatively warm climate with intense chemical weathering of topsoil. However,
significant chemical weathering should degrade the potassium feldspar to clays, arguing
that the kaolinite might be recycled.
Table 5.3-T2. Clay fraction (<4 μm) mineral abundances based on measured peak heights.
Non-clay minerals are qualified as abundant (A) = >30% or common (C) = 10-30%.

Thin sections were made on selected intervals to evaluate the textural and
mineralogical attributes of different lithofacies (Table 5.3-T3). Thin sections agree with the
smear slide and XRD results, indicating that intervals within the claystone lithofacies of
Subunit IIA are cemented with siderite. Subunit IID samples indicate cementation by both
siderite and dolomite. The silty sandstone lithofacies in Subunit IIB is cemented by
dolomite.
Porosity was only qualitatively assessed and, in all but one sample, porosity was low
(Table 5.3-T3). For several reasons this assessment should not be used to evaluate the
overall porosity of the rocks at Site U0080. In particular, this assessment should not be
viewed as an evaluation of porosity in the sandstones at Site U0080. First, our analyses
focused on textural and mineralogical compositions of the lithofacies overall and, therefore,
do not reflect on the regional sandstone porosities and their potential as reservoir rocks.
Second, recovery in Hole U0080A was low, particularly in Subunit IIB where the logging
data indicate sandstone deposition was much more widespread than represented by the
recovered core. Furthermore, most of the sandstones recovered are interpreted to reflect
the sands resulting from events (e.g., crevasses splays; Fig. 5.3-F12), not the thicker
sandstone beds that might reflect the channel sandstones (Fig. 5.3-F11). Finally, thin
section slides were not impregnated, making porosity evaluation difficult. Readers are

5.3-19

Chapter 5. Site U0080
5.3 Lithostratigraphy

Proceedings of the Baffin Bay
Scientific Coring Program

directed to sections “5.5 Physical Properties” and “5.7 Downhole Measurements” where
porosity data from discrete samples and logging measurements are reported.
Table 5.3-T3. Thin section results from Site U0080
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5.4 Chronostratigraphy
5.4.1 Introduction
The chronostratigraphy for Site U0080 is constrained by biostratigraphy based on
palynomorphs. In addition, the natural remanent magnetization (NRM) measured before
and after magnetic cleaning was used to determine the magnetostratigraphy, which
suggests that the upper 80 cm (0.80 mbsf) of Hole U0080A is likely Quaternary in age
(Brunhes Chron [C1n]); however, no biostratigraphic constraint is available for this
interval. Below 0.80 mbsf to the bottom of the hole (358.50 mbsf) age control is provided
by palynomorphs that indicate an Aptian(?)‒Albian succession. This is consistent with the
observed normal polarity and assignment to the Cretaceous Long Normal Polarity interval
(Superchron C34n; 83.64‒125.93 Ma).

5.4.2 Biostratigraphy
Samples from Site U0080 were examined for calcareous nannofossils, foraminifera,
diatoms, dinoflagellate cysts, and pollen and spores. Samples were collected from core
catchers of each core, with a few additional samples taken from split-core sections. The
primary results from all fossil groups are summarized in Figure 5.4-F1.
5.4.2.1 Calcareous Nannofossils
All 42 samples examined for calcareous nannofossils were barren (Appendix Table
5.4-AT1).
5.4.2.2 Foraminifera
Thirty samples from Site U0080 were sampled and processed for foraminiferal
analysis with all samples barren of foraminifera (Table 5.4-AT1).
5.4.2.3 Diatoms
Highly fragmented traces of diatoms, diatom resting spores, and sponge spicules
occur in Sample U0080A-1R-1, 29 cm (0.29 mbsf) only, but no age diagnostic taxa were
observed. All other samples examined (from Sections U0080A-1R-CC through -42R-CC)
were barren of diatoms (Appendix Table 5.4-AT1).
5.4.2.4 Dinoflagellate Cysts
A total of 27 samples from Hole U0080A were examined for dinoflagellate cysts,
(Appendix Table 5.4-AT2). The organic material in the samples is dominated by
terrestrially derived organic material: undifferentiated plant debris, tracheids, cuticles,
spores, and pollen (Fig. 5.4-F2). In addition to the terrestrial material, low diversity
assemblages of very thin walled brackish water dinoflagellate cyst and acritarch specimens
were recorded from ten samples from Cores U0080A-1R, -2R, -4R, -7R, -8R, -9R, -10R, -22R,
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-29R, and -33R (1.97‒280.56 mbsf). The abundance of dinocysts and acritarchs is frequent
in samples from Cores U0080A-1R, -4R, -8R, and -9R and relatively low in the samples from
Cores U0080A-2R, -7R, -10R, -22R, -29R, and -33R (Appendix Table 5.4-AT2).

Figure 5.4-F1. Chronostratigraphic summary for Site U0080.
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Figure 5.4-F2. Photomicrographs of organic matter found in samples from Site U0080. (A)
Spore-dominated assemblage, Sample U0080A-9R-CC, 21-25 cm (56.11 mbsf); (B)
Tracheid-dominated assemblage, Sample U0080A-9R-CC, 21-25 cm (56.11 mbsf); (C)
Cuticle-dominated assemblage, Sample U0080A-9R-CC, 21-25 cm (56.11 mbsf); (D)
Undifferentiated plant debris assemblage, Sample U0080A-9R-CC, 21-25 cm (56.11 mbsf).
The few recorded dinoflagellates are Nyktericysta cf. davisii, Pseudoceratium
interiorense, Quantouendinium dictyophorum, Vesperopsis cf. nebulosa, Vesperopsis cf.
longicornis, and the acritarch species Fromea cf. fragilis, Fromea spp., and Wurioa spp. (Fig.
5.4-F3). Two possible new species questionably referred to as Moorodinium sp. tabulate
and Moorodinium sp. with no or almost no tabulation are also present (Fig. 5.4-F3). The
specimens are questionably referred to the genus Moorodinium Backhouse (1988) due to
the presence of both a small apical and antapical rounded tip, which only differs slightly
from the original diagnosis of the genus. It is noteworthy that Backhouse (1988) mentioned
that the genus occupied a series of fresh or brackish water environments in the Perth Basin
(Western Australia) during the Late Jurassic and Early Cretaceous.
Paleoenvironment and Age
The brackish water assemblages together with the recorded spores and pollen flora
(see section “5.4.2.5 Pollen and Spores”) indicate a late Early Cretaceous age (Aptian(?)‒
Albian) and suggest some connection with more open marine conditions for the sediments
from the upper and lower parts of the hole (Appendix Table 5.4-AT2).
The abundance of terrestrially derived material and the presence of Nyktericysta spp.,
Pseudoceratium spp., and Quantouendinium spp. in the Cretaceous palynological
assemblage from Site U0080 indicate a brackish water to marginal marine depositional
environment. Similar dinoflagellate cyst assemblages have previously been reported from
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brackish water to partly marine deposits of Albian age from the Kome and Slibestenfjeldet
Formations at Nuussuaq, West Greenland (Nøhr-Hansen, 2005, 2008; Dam et al., 2009).
The lithology of Site U0080, including the presumed unrecovered sandy intervals, may also
be correlative to the two formations.
Nyktericysta davisii and P. interiorense were first described by Bint (1986) from
upper Albian and lower Cenomanian marine shale of the Western Interior (USA), with
sheet-like sandstone beds presumed to represent delta front processes, suggesting a
marginal marine depositional complex.
Quantouendinium dictyophorum was described from Aptian to Albian freshwater to
slightly brackish water deposits in northeastern China by Mao et al. (1999). Nøhr-Hansen
(1993) previously recorded Q. dictyophorum as Vesperopsis aff. fragilis from marine
deposits of the Odontochitina ancala Subzone (V2) of late Albian age from East Greenland.
MacRae (1992) recorded abundant Q. dictyophorum as Nyktericysta sp. B from the
nonmarine uppermost Albian Strand Fiord Formation in Arctic Canada.
An age not younger than Albian may also be supported by the absence of large
Nyktericysta davisii specimens with long post- and pre-cingular horns, which has a first
occurrence within the Ravn Kløft Member (assigned a late Albian–early Cenomanian age)
onshore West Greenland [Nøhr-Hansen, 2008; Dam et al., 2009]) and by the absence of the
pollen Rugubivesiculites rugosus, which also has a first occurrence within the Ravn Kløft
Member [Nøhr-Hansen, 2008; Dam et al., 2009]).
5.4.2.5 Pollen and Spores
Twenty-eight samples from Site U0080 were analyzed for pollen and spores.
Although most samples analyzed were from core-catcher material, some samples from
split-core sections were also studied. Preservation of pollen and spores from Hole U0080A
is generally good, but pollen abundance varies significantly from abundant to trace
numbers. In most samples the concentrations is high, but the samples from the bottom of
the hole (samples from Sections U0080A-37R-CC through -42R-CC [318.82-353.44 mbsf])
have the lowest palynomorph density (Appendix Table 5.4-AT3).
As in Hole U0110C, the dominance of bisaccate pollen and pteridophyte spores is
notable. Some Microphyllophyta (Lycopodiaceae type) and some Bryophyta spores were
also observed, but otherwise the pollen assemblages are remarkably different from Site
U0110. In this preliminary study, the middle Albian pre-tricolpate suite of Norris et al.
(1975) is recognized and divided into four informal intervals, with a fifth informal interval
that corresponds to the Early Cretaceous complex of Traverse (1988).
Cyathidites Interval
Samples U0080A-1R-CC, 13-18 cm (1.97 mbsf) and -2R-CC, 18-23 cm (11.75 mbsf)
have very high pollen concentrations (Fig. 5.4-F4). The diversity of conifers is high and the
following taxa are abundant: Pinuspollenites spp., Piceaepollenites spp. of different sizes
(representing different species), Podocarpidites spp., and Abiespollenites spp. A specific
characteristic of this interval is the common presence of the spores Cyathidites australis,
Cyathidites minor, and Osmundacidites cf. wellmanii, and frequent occurrence of
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Eucommiidites spp., which suggests that this interval is not older than middle Albian in age
(Norris et al., 1975).

Figure 5.4-F3. Photomicrographs of dinoflagellates from Site U0080. (A) Moorodinium sp.
showing tabulation, Sample U0080A-1R-CC, 13-18 cm (1.97 mbsf); (B) Moorodinium sp.
showing tabulation, Sample U0080A-1R-CC, 13-18 cm (1.97 mbsf); (C) Moorodinium sp.
with almost no tabulation, Sample U0080A-1R-CC, 13-18 cm (1.97 mbsf); (D)
Quantouendinium dictyophorum, Sample U0080A-1R-CC, 13-18 cm (1.97 mbsf); (E)
Vesperopsis cf. nebulosa, Sample U0080A-1R-CC, 13-18 cm (1.97 mbsf); (F) Vesperopsis cf.
longicornis, Sample U0080A-8R-CC, 30-32 cm (44.81 mbsf); (G) Nyktericysta cf. davisii,
Sample U0080A-8R-CC, 30-32 cm (44.81 mbsf); (H) Pseudoceratium interiorense, Sample
U0080A-8R-CC, 30-32 cm (44.81 mbsf); (I) Fromea sp., Sample U0080A-8R-CC, 30-32 cm
(44.81 mbsf); (J) Wurioa sp., Sample U0080A-8R-CC, 30-32 cm (44.81 mbsf).
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“Silent” Interval
Samples from Sections U080A-3R-CC through -7R-CC (16.32‒33.28 mbsf) contain
the lowest abundances of palynomorphs (Fig. 5.4-F4). The amount and diversity of
arboreal pollen (conifers) is low and they are nearly (but not completely) absent in the
bottom of this interval. The sporadically appearing spores still suggest a middle Albian age
for the sediments (Norris at al., 1975).

Figure 5.4-F4. Photomicrographs of a field of view from two pollen preparations
illustrating the difference in palynomorph concentration within different intervals at Site
U0080. (A) Cyathidites Interval, Sample U0080A-1R-CC, 13-18 cm (1.97 mbsf); (B) “Silent”
Interval, Sample U0080A-4R-CC, 15-18 cm (19.9 mbsf).
Tsugae/Taxodiaceae Interval
Samples U0080A-8R-CC, 30-32 cm (44.81 mbsf), -9R-CC, 21-25 cm (56.11 mbsf), 10R-CC, 29-34 cm (67.65 mbsf), -13R-CC, 27-32 cm (91.74 mbsf), and -15R-2, 100-101 cm
(108.81 mbsf) contain an assemblage characterized by a very high diversity and abundance
of palynomorphs. The bisaccate pollen is similar to that from the Cyathidites Interval, but is
also enriched with Taxodiaceaepollenites spp., Tsugaepollenites spp., and
Betulaceoipollenites spp. (Fig. 5.4-F5). The consistent presence of Cicatricosisporites spp.
spores and Ephedripites (Fig. 5.4-F5) still suggests a middle Albian age for this interval
(Norris et al., 1975).
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Figure 5.4-F5. Photomicrographs of pollen and spores from Site U0080. (A) Ephedripites
sp., Tsugae/Taxodiaceae Interval, Sample U0080A-9R-CC, 21-25 cm (56.11 mbsf); (B)
Lycopodiacidites sp., Podocarpidites Interval, Sample U0080A-36R-CC, 0-5 cm (304.54
mbsf); (C) Podocarpidites sp., Podocarpidites Interval, Sample U0080A-31R-CC, 0-5 cm
(254.09 mbsf); (D) Pollen from Pteridophyte Interval, Sample U0080A-42R-CC, 20-25 cm
(353.44 mbsf).
Podocarpidites Interval
Samples U0080A-16R-2, 45-50 cm (110.80 mbsf), -22R-CC, 20-23 cm (169.52 mbsf),
-25R-CC, 11-14 cm (199.46 mbsf), -27R-CC, 0-5 cm (216.77 mbsf), -29R-1, 130-133 cm
(234.90 mbsf), -31R-CC, 0-5 cm (254.09 mbsf), -33R-7, 57-59 cm (280.56 mbsf), and -36RCC, 0-5 cm (304.54 mbsf) contain relatively few numbers of pollen. Generally some
gymnosperms, mostly Alisporites spp., Pinuspollenites, and Piceapollenites are present;
however, this interval also includes the consistent presence of remarkably giant specimens
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of Podocarpidites, presumably species P. cf. marwickii. The combination of giant conifer
grains and of pre-tricolpate specimens (namely O. cf. wellmanii, Alisporites bilateralis, and
Distaltriangulisporites cf. perplexus), suggests an early middle Albian age for the sediments
(Norris at al., 1975).
Pteridophyte Interval
Samples U0080A-37R-CC, 8-13 cm (318.82 mbsf), -39R-1, 19-23 cm (329.79 mbsf), 40R-CC, 0-6 cm (340.93 mbsf), -41R-2, 106-110 cm (346.28 mbsf), and -42R-2, 8-9 cm
(349.86 mbsf) contain the lowest pollen concentrations and diversity in the hole, together
with abundant charcoal. All of the observed spores correspond to the Early Cretaceous
complex, but the presence of Gleicheniidites cf. senonicus, Ischyosporites cf.
pseudoreticulatus, and Lycopodiacidites spp. likely places this interval in the pre-Albian of
the Early Cretaceous (Traverse, 1988). Two of the lowermost samples from the hole , which
are nearly barren of pollen, produce an organic-like film on water when washed.

5.4.3 Paleomagnetism
All core archive halves from Hole U0080A were measured on the shipboard passthrough cryogenic magnetometer. Declination, inclination, and intensity of natural
remanent magnetization (NRM) were routinely measured at 5-cm intervals at 10- and 20mT alternating field (AF) demagnetization steps (Appendix Table 5.4-AT4). The cores are
azimuthally unoriented and, therefore, only inclination is used to determine the magnetic
polarity of Hole U0080A sediments. One or two oriented discrete samples were collected
from the working half of each core interval for progressive AF demagnetization at
successive peak fields of 0, 5, 10, 15, 20, 25, 30, 35, 40, 50, and 60 mT to verify the
reliability of the split-core measurements (Appendix Table 5.4-AT5). Thirty samples
yielded good fits using principal component analysis (PCA; Kirschvink, 1980), having a
maximum angular deviation of <10° (Fig. 5.4-F6, declination and inclination panels). We
cleaned the split-core data extracted from the LIMS database by removing all
measurements collected from disturbed intervals (Appendix Table 5.4-AT6) and all
measurements that were made within 5 cm of the section ends.
Magnetic susceptibility measurements were made on whole cores as part of the
Whole-Round Multisensor Logger (WRMSL) analysis and on split core sections using the
Section-Half Multisensor Logger (see section "5.5 Physical Properties"). Magnetic
susceptibility is consistent between the two instruments (Fig. 5.4-F6), varying between 1.4×10-5 and 1.8×10-2 (SI volume units; Fig. 5.4-F6 first panel; split-core measurements are
offset by a factor of 10).
5.4.3.1 Natural Remanent Magnetization and Magnetic Susceptibility
Magnetic properties vary with lithology and diagenetic alteration downcore. In
Lithostratigraphic Unit I (0‒0.8 mbsf), a diamict with gneiss and granite clasts and bivalve
shell fragments, NRM intensities and magnetic susceptibility are relatively high (about
1.5×10-2 A/m and about 6.5×10-3 SI volume units, respectively). Beneath the unconformity
at 0.80 mbsf, Lithostratigraphic Unit II (0.80‒358.5 mbsf [base of hole], carbonaceous
5.4-8

Chapter 5. Site U0080
5.4 Chronostratigraphy

Proceedings of the Baffin Bay
Scientific Coring Program

claystones, siltstones, and sandstones), NRM intensities (about 10-4‒10-5 A/m on average)
and susceptibility (10-3‒10-6 SI, with the occasional negative, diamagnetic value) are much
lower. The magnetic intensity decreases by an order of magnitude below ~70 mbsf,
possibly because of the dissolution of fine-grained magnetite caused by reducing porewater geochemistry or diagenesis-related processes. Despite the relatively low magnetic
intensities below ~70 mbsf, a stable magnetic component, which allows for the
determination of magnetic polarity, was preserved in the entire sequence.

Figure 5.4-F6. Summary of paleomagnetic data and magnetostratigraphy at Site U0080.
Discrete sample locations are indicated in the declination and inclination columns by red
symbols. The polarity stratigraphic interpretation is given with black intervals
representative of normal polarity and white intervals representative of reversed polarity.
NRM intensity, declinations, and inclinations prior to demagnetization are plotted with
blue symbols and after 20-mT demagnetization with green symbols.
The demagnetization behavior of four discrete samples that yielded good PCA
results and of two typical samples with poor demagnetization behavior is illustrated in
Figure 5.4-F7. Many of the discrete samples display a soft magnetic overprint, probably
induced by the coring process, which was removed at 15‒20 mT AF demagnetization,
demonstrating that this magnetic cleaning level is sufficient to eliminate the overprint.
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Figure 5.4-F7. Demagnetization results for six discrete samples. For each sample, the plot to
the right shows the vector end points of paleomagnetic directions on vector
demagnetization diagrams or modified Zijderveld plots (red squares are inclinations and
blue circles declinations), and the plot to the left shows the intensity variation with
progressive demagnetization. The data depicted in black were used to compute mean
directions from Principal Component Analysis (PCA). The four vector demagnetization
diagrams at the top illustrate the removal of a well-defined characteristic remanent
magnetization. The two diagrams at the bottom are from samples that exhibit erratic
behavior during demagnetization and that yielded large error angles during the PCA.
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5.4.3.2 Magnetostratigraphy
Only magnetic inclinations were used for the magnetostratigraphic interpretation at
this site. The geomagnetic field at the latitude of Site U0080 (75.6°) has an expected
inclination of 82.7°, assuming a geocentric axial dipole field model, which is sufficiently
steep to determine magnetic polarity in RCB cores that lack horizontal orientation.
The magnetostratigraphic interpretation for Hole U0080A is shown in Figure 5.4-F6.
Magnetic inclinations indicate that the Brunhes Chron (C1n) is recorded above the
unconformity at ~0.80 mbsf. With the exception of one interval between 32.0 and 32.8
mbsf, all measurements below the unconformity indicate a relatively long normal polarity
interval (Fig. 5.4-F6). Biostratigraphic data are restricted to traces of diatoms in the core
catcher of Core U0080A-1R, spore assemblages enriched by Equisetophytes, and the
appearance of angiosperms throughout the section, indicating an Early Cretaceous
(Aptian(?)‒Albian) age. Constrained by these biostratigraphic datums, the long normal
polarity interval between 0.80 and 358.50 mbsf is correlated with Chron C34n, the
Cretaceous Normal Polarity Superchron, also known as the Cretaceous Quiet Zone (83.64‒
125.93 Ma; Gradstein et al., 2012). A brief interval of reversed polarity (32.0‒32.8 mbsf)
could be related to one of the short geomagnetic excursions occasionally recorded within
Chron C34n, or could be caused by an anomaly associated with the peak in magnetic
intensity at that depth.
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5.5 Physical Properties
5.5.1 Overview
Sediment physical properties were measured on all core sections recovered at Site
U0080 using the Whole-Round Multisensor Logger (WRMSL) and Section-Half Multisensor
Logger (SHMSL), while discrete samples were taken at the rate of about one or two per
section from Core U0080A-1R through -14R and every other section to the base of the hole.
Shear strength was not measured as the consolidated nature of material exceeded the limit
of our penetrometer. Similarly, thermal conductivity was not measured due to the absence
of borehole temperature data, a required parameter for calculating heat flow and a
parameter that could not be measured due to the indurated nature of the lithology
The gross lithology of this site is divided into two lithostratigraphic units:
Lithostratigraphic Unit I is a Quaternary clast-rich muddy diamict from 0 to 0.80 mbsf thick
and Lithostratigraphic Unit II (0.8–358.5 mbsf) is Cretaceous carbonaceous claystones,
mudstones, and sandstones with the carbon content reaching coal rank in some places (see
section “5.3 Lithostratigraphy”). From a physical properties perspective most of the
variability at Site U0080 can be attributed to two effects that largely coincide with
lithostratigraphic subdivisions:
(1) The presence of pore-filling, high-density (4 g/cm3) siderite cement in aluminosilicate
muds and sands, with siderite cement prominent in Lithostratigraphic Subunit IIa (0.8–
80.1 mbsf) and extending down through Core U0080A-13R (89.70–91.79 mbsf) and again
occurring but more rarely between ~260 and 330 mbsf (Fig. 5.5-F1).
(2) Mixing of low density (1–1.5 g/cm3) carbonaceous material with aluminosilicates,
which dominates between 80 mbsf and 260 mbsf (Fig. 5.5-F1).
More sandy facies are recovered in the base of Core U0080A-23R (176.1–178.52
mbsf) and between 330 mbsf and the base of the hole. These contain varying amounts of
dolomite cement, with notably high dolomite cement concentrations occurring in a discrete
decimeter-thick layer at ~178.2 mbsf and at 353 mbsf (Fig. 5.5-F1).
Below we describe the nature of the measurements recorded, data processing
applied, and the physical properties of each of the major intervals. Key physical parameters
for each lithology are summarized in Table 5.5-T1. The cluster analysis generated for color
reflectance in the previous Site U0110 (see section “4.5 Physical Properties”) was not
conclusive for this site, probably due to higher similarity in color among the different
lithofacies in Hole U0080A. These results are therefore not included here. We also highlight
points of particular interest, including a marked velocity anisotropy in laminated
carbonaceous mudstone and a comparison of borehole (in situ) velocity with those
measured on core samples and sonic wireline logging data (see section “5.7 Downhole
Measurements”).
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Table 5.5-T1. Summary of physical properties for major lithofacies.

5.5.2 Measurements and Data Analysis
5.5.2.1 Whole Round Measurements
Measurements with the WRMSL were obtained at 2.5 cm intervals for gamma ray
attenuation (GRA) wet bulk density and magnetic susceptibility (MS), and at 10 cm
intervals for natural gamma radiation (NGR) throughout Hole U0080A, which was cored
with the rotary core barrel (RCB) system from the surface to a total depth of 358.50 mbsf.
Compressional wave velocity (Vp) measurements were disabled as the thinner diameter of
most RCB core relative to the core liner precludes Vp measurements on the WRMSL.
We have filtered the GRA density and MS data to remove obvious spurious points
caused by voids and cracks in the core and gaps between core sections using a MATLAB TM
routine and applied the density correction factor of Jarrard and Kerneklian (2007), which
attempts to correct for the undersize nature of RCB cores relative to the liner (see section
“2.5 Physical Properties”). We have not estimated porosity from corrected GRA density
data for this site as the assumption of a grain density of 2.7 g/cm3, a requirement for this
calculation, is not met due to the abundance of high density pore-filling cement and low
density carbonaceous material. These filtered GRA density and MS data from Hole U0080A
are shown in Figure 5.5-F1 and are recorded in Appendix Table 5.5-AT1.
5.5.2.2 Split Core Color Spectroscopy
Color reflectance was measured at a resolution of 2.5 cm and the results are
reported in the CIELAB color scale in terms of lightness (L*) and color indices a* (green to
red, with green negative and red positive) and b* (blue to yellow, with blue negative and
yellow positive). The system also records spectral data at a 2 nm resolution in the range
from 380 to 900 nm wavelengths and tristimulus values for axes x, y, and z. All these data
are provided in Appendix Table 5.5-AT2.
Figure 5.5-F1 Downcore measurements for Hole U0080A. (a) Density, porosity, and Vp
velocity and VSI and sonic downhole logging measurements; (b) Magnetic susceptibility,
natural gamma emission, and color parameters L*a*b*. Intervals characterized by frequent
occurrences of siderite cement are shaded orange. The red arrows show the shift of the
recovered core within the cored interval needed to match the logging data. This shift is
applied to all plotted data to transfer them into the meters composite logging depth (mcld)
scale. (Continued on next 2 pages.)
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The a* and b* values vary over a narrow range downcore, while L* shows a greater
variability that reflects rapid changes in lithofacies with depth (Fig. 5.5-F1b). No major
trends are observed in the values obtained for a* and b* of the CIELAB scale for the first
260 mbsf. A slight increase in L* and a decrease in the b* values are observed from ~260
mbsf until ~275 mbsf, where the values start decreasing again. The minimum values in the
L* are associated with the organic component of the coals. There are higher L* values in the
lower part of the borehole where an increase in siltstone is observed (see section “5.3
Lithostratigraphy”).
The k-means cluster analysis presented for the previous Site U0110 (section “4.5
Physical Properties”) was unsuccessful at differentiating lithologies for Site U0080. This
seems to be due to the small variations in color observed between the different lithologies
found at this site.
5.5.2.3 Discrete Sample P-wave Velocity
P-wave velocities (Vp) in x, y, and z orientations were measured on cubes cut from
split-core sections at a frequency of one to two cubes per section between Cores 1R and
14R and approximately one every second section below that using the PWS 3 “caliper”
system (Appendix Table 4.5-AT3). These measurements have not been corrected to in situ
temperature and pressure conditions. The sediment recovered at this site was sufficiently
lithified that all measurements were of high signal amplitude and none have been excluded.
Overburden pressures are responsible for the increase in mechanical compaction
and inter-grain coupling with depth, which increases the stiffness of the material and
therefore the P-wave velocity of the sample. Excluding data from highly cemented layers, a
slight decrease in porosity and consequently slight increase in Vp is observed in Site U0080,
as expected under normal compaction conditions.
When cementation is present, changes due to pressure in the sediment column
account for only 1-2% of the velocity. A high percentage (up to 50%) of the total
compressional wave velocity is due to cementation when this is present (Jarrard et al.,
2000). Variations in the amount of pore-filling cement are responsible for the wide scatter
of the values obtained from ~25 to ~100 mbsf (Fig. 5.5-F1a). A maximum Vp velocity value
(~6000 m/s) was observed for Sample U0080A-23R-2, 72-74 cm at ~178 mbsf. This
sample has a low porosity (1.5%) and relatively low grain density (2.7 g/cm3), which
indicates a different cement composition (dolomite) relative to the values obtained for the
siderite cemented samples, which have an average grain density of 3.05 g/cm3.
In relatively low porosity samples, such as the ones measured for Site U0080, the
compressional velocities are dominated by relatively high compaction of shales (claystones
and mudstones). Only in intervals with high porosities is the effect of consolidation more
important (Jarrard et al., 2000). Two intervals with major anisotropies in the x, y, and z
components of Vp are present in Site U0080. The first interval is located at the top of
Lithostratigraphic Unit II and corresponds to ~0–92 mbsf where the major lithology is
claystone. In this area a double trend is also present due to the siderite cementation of
some layers. The second interval with high anisotropy is located at ~260–275 mbsf in an
area dominated by mudstones. The anisotropy is less pronounced in other depths with
similar lithologies. The effect of compaction is higher in shale-rich sediments in which the
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particles get reoriented in parallel layers (Jarrard et al., 2000). The layering generated by
the compaction of shales could be responsible for differences in the compressional
velocities measured in the different axes of the sediment in samples from Site U0080.
A table of the physical properties associated with each of the major lithology types
identified by the shipboard sedimentologists is provided in Table 5.5-T1. The ranges are
notably wide and reflect the variable influence of Fe, Mg, and Ca carbonate cement at this
site.
Sonic tool measurements from downhole wireline logging are in general agreement
with the values obtained for the z-axis in discrete samples (Fig. 5.5-F1a). Interval velocities
obtained with the versatile seismic imager (VSI) (see “5.7 Downhole Measurements”),
however, are slightly lower than the values obtained for the z-axis P-wave velocity from
discrete samples. The differences between VSI downhole logging and discrete
compressional velocity measurements could be due to the low recovery of relatively
porous, and thus low velocity, sandy areas of the hole as reflected by the downhole natural
gamma radiation records (see section “5.7 Downhole Measurements”).
5.5.2.4 Moisture and Density (MAD) Measurements
Gravimetric and volumetric determinations of moisture and density were made on
99 samples and the raw data are included in Appendix Table 5.5-AT4. Where possible we
used the sample blocks cut for velocity measurements to enable cross comparison between
velocity and porosity characteristics. Wet mass, dry mass, and dry volume were measured,
and from these measurements, percentage water weight, porosity, dry density, bulk
density, and grain density were calculated (see section “2.5 Physical Properties”). All
samples were soaked in seawater under vacuum to saturate pore space prior to wet mass
measurement.
The values obtained for the different moisture and density calculations indicate the
presence of strongly different layers in the upper ~92 mbsf. These variations are related to
the presence of siderite cement. The variations observed in grain density of the samples
rich in siderite correspond to high velocities and low porosities. Two major trends are
identified (with a small number of outliers) when bulk and grain density are compared
from above and below 92 mbsf (Fig. 5.5-F1). Some intervals can be correlated with
lithofacies types, where the sediments have contrasting physical properties. All discrete
samples except muds have porosities less than 30%, indicating the importance of shales for
controlling velocities rather than the consolidation state. Sandstone porosities typically
decrease more gradually with depth due to the compaction of the grains.
Jarrard et al. (2000) found lithology played a minor role on the porosity/velocity
relationship in Antarctic sands, muds, and diamicts. Our samples reflect a wide range of
lithologies with overlapping intervals for these measurements (Table 5.5-T1). In order to
crosscheck this result, a principal component analysis (PCA) was run on the data for
moisture and density and P-wave velocities for discrete samples (Fig. 5.5-F2). The PCA
transforms a number of possibly correlated variables into a smaller number of
uncorrelated variables called principal components. The first principal component
accounts for as much of the variability in the data as possible, with each succeeding
component accounting for as much of the remaining variability as possible. The principal
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components reveal the internal structure of the data to explain the variance in the data. For
Site U0080, two components (PC1 and PC2) explain more than 97% of the variability in the
data; however, when the components are plotted according to lithology, no major groups
are observed, supporting the conclusion that lithology is less important than the degree of
cementation for explaining variability in physical properties. An example is given in Figure
5.5-F3, which shows the effect of siderite cement and carbonaceous content on bulk and
grain density. The relatively linear relationship between grain and bulk density for the
upper 80 mbsf represents the infilling of pore-space with relatively high-density siderite (a
few siderite layers from below 80 mbsf plot on this trend too). For depths >100 mbsf, grain
and bulk densities are controlled mainly by the mixing of low-density carbonaceous
material and aluminosilicate minerals, rather than loss of porosity.

Figure 5.5-F2 Principal component analysis of physical properties data. The principal
components are for discrete samples that represent more than 97% of the variance in the
physical properties data. The lack of coherent grouping by primary lithology indicates that
lithology does not control the physical properties. Instead, cementation and coalification
are controlling factors.
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5.5.3 Downhole Trends in Physical Properties
5.5.3.1 Lithostratigraphic Unit I
Lithostratigraphic Unit I extends from the seafloor to 0.80 mbsf and consists of
poorly stratified clast-rich muddy diamict. No discrete samples were taken in this unit due
to high drilling disturbance at the top of Core U0080A-1R.

Figure U0080-5.5-F3 Grain density versus bulk density for samples above (red) and below
(blue) 80 mbsf. Note the two relatively linear trends. Relatively high bulk and grain
densities reflect the influence of pore-filling siderite cement, which is most prevalent in the
upper 100 m, whereas low bulk and grain densities reflect varying mixtures of carbon and
aluminosilicate minerals. The range of values associated with aluminosilicate minerals
(~2.7 g/cm3) with porosities ~25% is shaded yellow.
5.5.3.2 Lithostratigraphic Unit II
From 0.80-92 mbsf (Cores U0080A-2R to -13R) most of the variability in bulk and
grain density, porosity, Vp, and magnetic susceptibility in the material recovered can be
accounted for by variations in the amount of siderite (4 g/cm3) cement (identified by XRD
analyses presented in section “5.3 Lithostratigraphy”), occupying pore space within
claystone. Uncemented layers within this interval have bulk (~2.2 g/cm3) and grain
densities (~2.7 g/cm3), porosity (~27%), and P-wave velocities (~2420 m/s) consistent
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with moderately indurated aluminosilicate mudstones. In contrast, highly cemented layers
have minimal porosity (<10%) and high bulk (>2.7 g/cm3) and grain densities (>3 g/cm3),
and P-wave velocity (>4000 m/s). Siderite cement is also the cause of prominent spikes in
magnetic susceptibility, up to an order of magnitude above background.
The influence of siderite cement is similarly evident on density and magnetic
susceptibility wireline logs, although interestingly not on the sonic velocity measurements
(see section “5.7 Downhole Measurements”). The implication is that the cementation is of a
discontinuous nature as the sonic tool integrates velocity over a much greater area than
either density or our discrete sample measurements.
For depths from ~92 mbsf to 260 mbsf the physical character of the hole is
determined by variations in the amount of carbonaceous material present, but overall
shows relatively little change with depth. This interval is characterized by the presence of
carbonaceous mudstones, siltstones, and sandstones with coal in some areas. Coal intervals
are associated with very low densities reflecting high concentrations of carbon. The
majority of the discrete samples collected in this interval are mudstones. No major Vp
trends were observed and velocity anisotropy between axes is slightly reduced in this
interval. Only one sample (U0080A-23R-2, 72-74 cm), a dolomite-cemented sandy
siltstone, has very high z-axis velocity (~5770 m/s). The lowest Vp value in this interval
(1776 m/s) corresponds to a claystone (Sample U0080A-31R-1, 64-66 cm) and is due to
the presence of carbonaceous (coal) sediment.
From about 260–330 mbsf (Cores U0080A-32R to -37R), mudstones dominate the
lithology with some intervals of sandstone. The laminated nature of the mudstones is
associated with a general velocity anisotropy as measured on discrete samples with the
vertical (z) direction found to be consistently slower (by ~17%) than the directions
parallel to bedding (x, y), which are indistinguishable. The anisotropy is less important in
claystones and siltstones located deeper in the hole as the sand content increases.
Finally, below 330 mbsf, all samples show high isotropy on the Vp values with the
exception of the last sample (U0080A-42R-4, 73-73 cm), which corresponds to a sandy
siltstone. Natural gamma radiation also shows slightly higher values over this same
interval. Very low NGR values in this section of the hole are also associated with increasing
sand content. Relatively high NGR counts in mudstones and low counts in sandstones is a
common observation but is not fully expressed in our NGR record because of the poor
recovery of sandy intervals (see the wireline natural gamma radiation log, section “5.7
Downhole Measurements”). Color reflectance increases in this interval, as do a* values,
whereas b* values are similar to those from above 330 mbsf. Magnetic susceptibility
increases slightly in the bottom ~30 m of the hole.

5.5.4 Two-way Travel Time from P-wave Velocity
Vp measured across the core at discrete depth intervals was used to calculate the
vertical travel time in the hole between sample depths. There is a marked velocity
anisotropy in many of the samples from this site; therefore, our time vs. depth calculation is
based only on the Vp(z) (vertical axis) measurements. These travel times between depth
intervals were compiled to a cumulative two-way travel time (TWT) vs. depth profile for
comparison with pre-drilling predictions, which assumed a uniform velocity of 2700 m/s
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(Fig. 5.5-F4). Shipboard velocities were not corrected to reflect downhole pressure and
temperature conditions. Our initial compilation of velocity data included a large number of
high velocity data points from cemented layers reflecting (a) recovery bias and (b)
sampling bias, where we preferentially sampled more lithified material less disturbed by
drilling (see section “5.3 Lithostratigraphy”). This resulted in an underestimation of the
TWT relative to the VSI velocities. Removing velocity values associated with highly
cemented layers (defined as those samples with grain densities >3. 0 g/cm3) improves the
fit with the VSI; however, an offset of 28 milliseconds remains, equivalent to a depth
reduction of 55 m at the base of the hole relative to the initial depth pick. The velocity
trends are identical between our “cement-free” TWT estimate and the VSI below 175 mbsf.
One possible explanation is that the absence of unrecovered intervals of relatively porous
(and thus low velocity) intervals higher in the hole resulted in overestimation of the
velocity profile.

Figure 5.5-F4 Cumulative TWT vs. depth for Hole U008A. The red and blue lines demarcate
the cumulative velocity profile constructed from discrete velocity measurements with and
without cemented samples, respectively, compared with the pre-drilling velocity estimate
of 2700 m/s shown in black. The pink line indicates the TWT calculated for the VSI values
obtained in downhole logging
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5.5.5 Core-Log Correlation
Continuous rotary coring rarely results in continuous core recovery, and Expedition
344S drilling was no exception. Downhole measurements, however, can potentially provide
a continuous record from the borehole, particularly when the hole is free of obstructions
and the diameter is to gauge, as was the case for Hole U0080A. We demonstrate that
detailed correlation of high-resolution downhole measurements (logs) with data collected
from the core allow exact core-log integration even when core recovery is poor. At Site
U0080 coring recovered only 39% of the drilled hole. Core-log correlations for the entire
section at Site U0080 were easily obtained by matching the general character of the
anomalies in the data from core measurements to downhole measurements. The only
exception is the 1.79-m long Core U0080A-40R, which exhibits no correlative features.
Magnetic susceptibility data collected at 2.5-cm intervals on the WRMSL and NGR
data collected with 10-cm resolution were used for comparison with the magnetic
susceptibility and NGR from the downhole logging tools to determine depth offsets in the
core-log composite section. On the composite depth scale (expressed here as mcld, meters
composite logging depth), features of the plotted NGR and susceptibility data present in the
core and downhole data sets are aligned so that they occur at approximately the same
depth (Fig. 5.5-F5).
Working from the top of the sedimentary sequence, a constant was added to each
core depth to arrive at a mcld offset for that core that produced an optimum fit of the core
data to log data. This optimum fit is based on visual inspection of the magnetic
susceptibility and NGR data. Without stretching and squeezing of the cores, it was not
always possible to perfectly align all features of a core with the downhole data. The top
30 mbsf of Hole U0080A were logged through the drill pipe and only NGR data with
reduced signal strength are available for depth shifting. The fit of the core NGR data to log
NGR data is, however, quite good through this interval.
The depth offsets that compose the composite depth section are given in Table 5.5T2 and illustrated by the red arrows in Figure 5.5-F1, where the arrows show the shift of
the recovered core within the cored interval needed to match the logging data. The mcld
value of any core interval can be readily calculated by adding the offset value to the mbsf
depth for that specific core. These results thus provide a means for constructing a complete
stratigraphic succession for Hole U0080A and for assessing what lithologies were
recovered versus those that were not.

5.5.6 References
Jarrard, R.D., Niessen, F., Brink J.D., and Bücker, C. 2000. Effects of cementation on velocities
of siliciclastic sediments. Geophysical Research Letters, 27, 593-596.
Jarrard, R.D. and Kerneklian, M.J., 2007. Data report: physical properties of the upper
oceanic crust of ODP Site 1256: multisensor track and moisture and density measurements.
In Teagle, D.A.H., Wilson, D.S., Acton, G.D., and Vanko, D.A. (Eds.), Proc. ODP, Sci. Results, 206,
College Station, TX (Ocean Drilling Program), 1–11.
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Table 5.5-T2. Offset values for core-log correlation. To convert from the standard meters
below seafloor (mbsf) depth scale into the meters composite logging depth (mcld) scale,
the offset value of the individual core has to be added to the mbsf depth.
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Figure 5.5-F5A. Core-log correlation for Hole U0080A. Core-log correlation of NGR (blue =
core; green = ECGR; red = HNGS; see 5.7. “Downhole Measurements” for explanation) and
magnetic susceptibility (red = core; blue = downhole logging).
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Figure 5.5-F5B. Close-up of the normalized NGR values of the upper 30 mcld, which were
logged through the drill pipe. Core data are offset by 2 units. With the exception of Core
U0080A-40R all recovered core data could be correlated to features detected by the
wireline logs and assigned a depth on the meters composite logging depth (mcld) scale.
Depth offset values are provided in Table 5.5-T2.
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5.6 Geochemistry
Shipboard organic geochemical studies of cores from Site U0080 included
monitoring of hydrocarbon gases, measuring total carbon, carbonate carbon, total organic
carbon, and total nitrogen contents, and characterizing organic matter by pyrolysis assay.
Procedures are summarized in the “Methods” chapter (section “2.6 Geochemistry”).

5.6.1 Hydrocarbon Gases
Almost all cores from Hole 0080A were monitored for gaseous hydrocarbons by the
headspace (HS) gas technique; results are reported in Table 5.6-T1 and Figure 5.6-F1. In
total 41 samples were measured using the GC3 system. Data reported are in parts per
million by volume (ppmv). Due to poor recovery, no samples could be taken from Cores
U0080A-9R and 21R.
Throughout most of Hole U0080A, gas concentrations are extremely low with values
below 10 ppmv of methane. These concentrations are indistinguishable from the
background air blank. Only Cores U0080A-10R to -12R (64–82 mbsf) yielded somewhat
higher methane concentrations with a maximum of 3,800 ppmv. These elevated methane
levels in Hole U0080A roughly coincide with the presence of siderite (FeCO3) (Fig. 5.6-F1),
identified based on X-ray diffraction and determined using physical properties (see
sections “5.3 Lithostratigraphy” and “5.5 Physical Properties”).
The presence of methane indicates absence of dissolved sulfate (and hydrogen
sulfide), permitting increased dissolved ferrous iron concentrations, leading to siderite
(rather than calcite) precipitation. The inferred depletion of sulfate below depths of 30–40
mbsf is due to sulfate removal (associated with organic matter oxidation) being more rapid
than sulfate replenishment by diffusion from overlying seawater. The renewed presence of
sulfate (which inhibits methanogenesis) at depths greater than ~90 mbsf may be due to
incomplete removal of sulfate in these sediments, to a source of sulfate (evaporites?) at
depth, or to lateral influx of sulfate through more permeable beds exposed at the seafloor.
The higher hydrocarbon gases (e.g., ethane) were not detectable in HS samples,
hence the methane/ethane ratio could not be determined for Hole U0080A.

5.6.2 Carbon and Elemental Analyses
Inorganic carbon (IC), total carbon (TC), total organic carbon by difference
(TOCCHNS), and total nitrogen (TN) were analyzed in 86 sediment samples from Hole 0080A
over depths ranging from 0.3 to 353 mbsf (Table 5.6-T2; Figs. 5.6-F2 and -F3).
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Table 5.6-T1. Headspace gas in Hole U0080A measured using the GC3.
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Figure 5.6-F1. Hydrocarbon gases for Hole U0080A. Concentrations of methane (in ppmv)
for Hole U0080A versus depth are shown. Higher hydrocarbons were absent in Hole
U0080. Black bars on the left indicate recovery for each core.
At Hole U0080A, carbonate content is quite variable with values typically below 10
wt%, but occasionally as high as 70 wt% CaCO3. Background organic carbon content is also
very variable and relatively high (~5 wt%); however, this high background organic carbon
content could be biased due to the failure to recover most of the sandstones that most
likely have a lower total organic carbon content. Some samples have extremely high carbon
content with values reaching 50 wt%, mainly in the interval between 145 and 255 mbsf
(Table 5.6-T2). The high organic carbon content of 50 wt% in Sample U0080A-3R-1, 84-86
cm (14.04 mbsf) is most likely an outlier (see section “5.6.4 Organic Matter Pyrolysis”).
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Table 5.6-T2. Carbon and elemental composition in Hole U0080A.
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The C/N ratio in the upper 150 mbsf is typically below 15, whereas below 150 mbsf
C/N is on average greater than 15 (Fig. 5.6-F3), possibly indicating a dominant land plant
origin for the organic matter. However, these C/N ratios might be overestimated. The
organic carbon content obtained by carbon and elemental analyses is much higher than
that obtained from the Source Rock Analyzer (SRA) pyrolysis (see section “5.6.4 Organic
Matter Pyrolysis”) and may impair the value of C/N ratios for interpreting potential
sources of organic matter.
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Figure 5.6-F2. Total organic carbon and CaCO3 at Site U0080. Total organic carbon content
(wt%, black line) and calcium carbonate content (wt%, blue line) for a selected number of
samples at Hole U0080A are shown. Black bars on the left indicate recovery for each core.

5.6.3 Organic Matter Pyrolysis
A total of 22 samples from Hole U0080A with high organic carbon content were
characterized by SRA pyrolysis (Table 5.6-T3; Fig. 5.6-F4). The organic carbon content
obtained using SRA pyrolysis is not in good agreement with the results of the carbon and
elemental analyses (Fig. 5.6-F5). TOCSRA is on average only 53% of the TOCCHNS estimated by
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difference between total carbon and inorganic carbon. The largest offset is observed for
Sample U0080A-3R-1, 84-86 cm (14.04 mbsf), which has TOCCHNS of 50 wt% and TOCSRA of
only 4.4 wt%. This sample is considered an outlier and possible instrument malfunction.
The offset between the two methods to determine total organic carbon could be related to
an underestimation of IC content (carbonate abundance) measured by the coulometer,
leading to anomalously high TOCCHN values (calculated from the difference between TC and
IC). Siderite (FeCO3), which is abundant in part of Hole U0080A, may not be accurately
quantified by coulometry due to its slow reaction time (Morrison et al., 1990), leading to
anomalous low IC.
Table 5.6-T3. Pyrolysis (SRA) evaluation of organic matter in Hole U0080A.
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Figure 5.6-F3. Total organic carbon content (wt%, black line) and C/N ratios (green line)
for a selected number of samples at Hole U0080A. Black bars on the left site indicate
recovery for each core. C/N ratios around six are typical for marine algae, while C/N ratios
greater than 15 are typical for higher land plants (Stein et al., 1989). Note that the C/N
ratios might be overestimated at Hole U0080A (section 5.6.4, Organic Matter Pyrolysis).
S1 and S2 are generally proportional with TOCSRA, whereas S3 is proportional to TOC
for samples with TOC >10%, but for samples with lower TOC and higher carbonate the S 3
values appear to be influenced by some carbonate decomposition (Katz, 1983). The plot of
hydrogen index (HI) vs. oxygen index (OI) (Fig. 5.6-F4) shows that most samples with TOC
>3% plot along the Type I-II evolution path, with samples not influenced by apparent
carbonate interference having extremely low OI values (4–20 mg S3/gC). Possibly the
oxygenated organic matter in these samples was largely eliminated during the early stages
of burial, with uplift occurring prior to significant hydrocarbon generation.
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Figure 5.6-F4. Hydrogen index vs. oxygen index. Roman numerals I-III indicate different
types of kerogen. For the three samples that plot within the range of type III organic matter
the corresponding depths are given.

Figure 5.6-F5. TOCCHNS vs. TOCSRA. Cross plot of organic carbon content obtained from the
carbon and elemental analysis (TOCCHNS) versus that obtained from SRA pyrolysis (TOCSRA)
are shown. One sample with very high TOCCHNS gives low TOCSRA and is considered an
outlier. Dotted line gives the linear correlation between TOCSRA and TOCCHNS (not taking
into consideration the outlier).
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A plot of S2 versus TOC (Fig. 5.6-F6) indicates a zero intercept at ~4 wt% TOC,
suggesting that rocks in the cored sequence contain about 4% of less reactive, and possibly
recycled organic matter with little hydrocarbon generating potential. When HI values are
corrected by elimination of inert carbon, the average HI of the preserved primary
production organic matter is about 500 mg S2/gC.

Figure 5.6-F6. TOCSRA vs. S2. Cross plot of organic carbon content and S2 obtained from SRA
pyrolysis (TOCSRA) is shown. Dotted line gives the linear correlation between TOCSRA and S2.
X-intersect is ~4 wt% TOC.
The production index (PI) values (excluding <3 wt% TOC samples) average about
1.5% indicating a relatively low degree (0.01 to 0.03) of conversion (transformation ratio)
of kerogen to hydrocarbons. There is an inverse relationship between TOC and Tmax
(samples with higher carbon have lower Tmax) consistent with a recycled component of
higher maturity organic matter. The Tmax of the primary kerogen may be in the range of
425–430°C. The correlation of Peters et al. (2004) gives an estimate of vitrinite reflectance
of about 0.5%. Empirical Tmax vs. depth correlations for continuously subsiding sediments
suggest maximum depth of burial of 2 km for thermal gradients in the range of 30–
40°C/km.
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5.7 Downhole Measurements
5.7.1 Overview
Four tool strings were deployed to log a 330-m section of Hole U0080A over a
period of ~20 hours. The data collected include gamma ray, density, porosity, resistivity,
electrical images, velocity, magnetic susceptibility and seismic check shots. The hole was in
very good condition, allowing acquisition of high quality logging data to complement the
partial core recovery in Hole U0080A. Formation MicroScanner (FMS) images clearly
illuminate the systematic SW dip of the beds recovered. Magnetic susceptibility and natural
gamma data allow the depth of cored intervals that were misplaced because of partial
recovery to be accurately assigned their true depth position (see “5.5.5 Core-Log
Correlation”).

5.7.2 Operations
Since drilling conditions had been very good and the recovered core showed that
the formation surrounding the borehole was well consolidated, the only hole conditioning
necessary prior to logging was a sweep with high viscosity mud. Logging operations started
after the RCB bit was dropped at the bottom of the hole and the end of the drillstring was
raised to 31 mbsf. Downhole logging operations commenced at 1450 hrs on 21 August
2012, with the rigging up of the Triple Combo-MSS tool string, made of the EDTC (gamma
ray), HNGS (spectral gamma ray), APS (neutron porosity), HLDS (density), HRLA (electrical
resistivity), and MSS (magnetic susceptibility) (see “2.7 Downhole Measurements Methods
for acronyms). The tools were lowered into the hole at 1620 hrs, reaching a total depth
(TD) of 353.6 mbsf from where an initial uphole log was completed up to ~228 mbsf for
quality control. This was followed by the main pass from TD back through the bit at a speed
of 1800 ft/h. The tools were back on surface and rigged down by 2005 hrs.
In preparation for seismic operations to record the check shots, a marine mammal
(MM) watch was initiated at ~1900 hrs and the seismic source was deployed seven meters
below sea level, at a distance of ~60 m from the well head. After one hour without MM
sightings, the seismic guns were soft-started and ramped up to full pressure over the
course of the next 30 minutes. The guns then remained on standby, but were fired at least
once every five minutes until the check shots measurements began. The tool string, made of
the VSI (Versatile Seismic Imager) and of the EDTC, was rigged up and run into the hole at
2025 hrs. The first seismic station was established at 350 mbsf and the first shot was fired
at 2156 hrs. Following this first station, six additional stations were completed by pulling
up and anchoring the string in 50 m intervals. The tools were back at the surface at 2345
hrs.
The Formation MicroScanner-Sonic tool string was scheduled to be the third and
final deployment, however a communication failure between the Dipole Sonic Imager (DSI)
and the FMS tool was detected when trying to power up the tools. Approximately two
hours were spent troubleshooting before deciding to deploy the FMS and DSI separately.
The third string consisting of the FMS and EDTC was run into the hole at 0305 hrs, 22
August 2012. Electrical images of the borehole wall were recorded over two full passes
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between ~356 and 48 mbsf. The final string, made of the DSI and EDTC, was run into the
hole at 0735 hrs. A downhole log was acquired while running to ~355 mbsf and a main
pass recorded while pulling the tools from TD back through the bit. Logging operations
were complete at 1015 hrs. A detailed timing of all logging operations can be found in Table
5.7-T1.

5.7.3 Data Processing and Quality Assessment.
All logs were depth-matched using the gamma ray from the HNGS sonde recorded
during the main pass of the Triple Combo as the reference curve. The gamma ray logs from
the other tool string passes were matched to this log through identification of common
features through the logged section. A depth shift to the seafloor was then applied to all
logs, with the seafloor identified from the gamma ray logs. An inflection in the gamma ray
(EDTC and HNGS) associated with the seafloor was observed at 231.5 meters below rig
floor, 2.5 m shallower than identified by the driller and previous surveys.
Caliper data from both tool strings (from the HLDS and FMS tools) indicate that Hole
U0080A was in-gauge. Hole diameter remains between 10-12 inches (Fig. 5.7-F1). This
narrow range in diameter and the overall smooth profile of the borehole mean that most
measurements should be reliable. The differences between the two orthogonal calipers of
the FMS suggest that the hole was somehow elliptical in places, forcing the FMS pads to
follow mostly the same track and most images to overlap between the two passes. The
repeatability of all of the logging measurements was excellent between the downlog and all
subsequent passes for each tool string.
The main logs recorded by the Triple Combo are shown in Figures 5.7-F2 and 5.7F3. The quality of the logs can be assessed by comparison with measurements made on
cores from the same hole. Figure 5.7-F2 shows a comparison between the natural gamma
ray and density logs with the same measurements made on cores. The different sets of
measurements display good agreement where core recovery was sufficient to allow such
comparisons. The main differences are in the depth of many of the features that can be
correlated across datasets that are dependent on the curated depth, which is affected by
incomplete recovery. The porosity derived from the density log assuming a grain density of
2.6 g/cm3 also agrees with the porosity measured on the core (see section “5.5 Physical
Properties”), suggesting a fairly uniform porosity between 20% and 30%. The neutron
porosity is also in general agreement, but displays significantly higher values over the
intervals 35-80 mbsf and 265-290 mbsf. These intervals also display high gamma ray
counts, indicating that the high neutron porosity readings result from the influence of claybound water in the clay-rich mudstones/claystones of these intervals.
The HRLA resistivity data are generally of very good quality with only limited
separation between the different depths of investigation in the sand-dominated intervals
with low gamma ray (Fig. 5.7-F2). Considering the high quality of the data, it is difficult to
explain why the shallow resistivity readings are consistently higher than the deep
resistivity readings in the clay-dominated high-gamma ray intervals. Shallow resistivity
readings are typically lower than deep readings because of their limited depth of
investigation and the invasion of drilling fluid. The data for Hole U0080A may indicate that
the formation fluid is more conductive than the borehole fluid in these intervals.
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Table 5.7 T1. Timing of logging operations in Hole U0080A.
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Figure 5.7-F1. Geometry of Hole U0080A derived from calipers and inclinometry data. The
trajectory of the borehole, colored by the caliper values of the HLDS caliper, suggests that
the well was deviated to the SW. HLDS= Hostile environment Litho Density Sonde; FMS =
Formation MicroScanner.
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Figure 5.7-F2 (continued). Summary of logs recorded by the Triple Combo tool string in
Hole U0080A and comparison to physical properties measured on the recovered cores. The
gamma ray log values shown below 317 mbsf were recorded during the VSI run, where the
shorter tool string allows gamma ray measurements 20 to 30 m deeper than the longer tool
strings. gAPI = American Petroleum Institute units; cps = counts per second; EDTC =
Enhanced Digital Telemetry Cartridge; GRA = Gamma Ray Attenuation core data; MAD =
moisture and density core data; R5 = deep resistivity reading of the HRLA; R1 = shallow
resistivity reading; RT = true resistivity, modeled from all depths of investigation.
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Figure 5.7-F3: Total and spectral gamma ray data recorded by the HNGS spectral gamma
ray tool from the Triple Combo tool string. The green area in the first column represents
the contribution of uranium to the total gamma ray counts. HSGR = total gamma ray; HCGR
= gamma ray without uranium; gAPI = American Petroleum Institute units; ppm= parts per
million.
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Acoustic velocity was recorded with the monopole and lower dipole transducers set
to standard frequency, whereas the upper dipole was set to a lower frequency, which is
more reliable in a slow formation. The clear arrivals in the monopole waveforms and the
high coherence in the compressional and shear velocity tracks shown in Figure 5.7-F4
indicate that the DSI measured reliable velocity values. In these consolidated sediments,
the higher frequency of the lower dipole transducer produced sharper and more reliable
shear velocity values.

Figure 5.7-F4. Sonic logs recorded by the DSI tool string in Hole U0080A. The gamma ray
log recorded on the same run by the EDTC is shown for comparison with the other logs.
The DSI failed to identify the compressional arrival between 175 and 185 mbsf and the
section shown in this interval was measured while logging downhole.
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The VSI tool string measured seven check shot stations at 50 m intervals at Hole
U0080A (Fig. 5.7-F5). Each station was completed after stacking five good shots, except for
the station at ~100 mbsf where only three good shots were recorded. The two way travel
time derived from these check shots can be compared with a similar relationship derived
by integration over depth of the acoustic slowness (inverse of velocity) along the same
interval. The DSI failed to identify the compressional arrivals between 175 and 185 mbsf
and the values used in this interval for the time vs. depth relationship were measured while
going downhole. The two relationships agree very well despite a slight drift of the sonic log
over depth.

Figure 5.7-F5. VSP data from Hole U0080A. The two-way travel time measured by these
check shots is compared to the similar relationship derived by integration of the
compressional slowness over the same depth interval. Vp = compressional velocity.
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Figure 5.7-F6. Structural analysis of the FMS data. The results show the dip of the beds
through the section. The tail of the ‘tadpoles’ in the depth plot represents the azimuth of
the dip. The hollow ‘tadpoles’ and symbols represent dip values identified with a lower
level of confidence. The green ‘fan plots’ represent summaries of the azimuths over 20-m
intervals.
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Figure 5.7-F7. FMS images compared with core photographs for interval 264.5-267.6 mbsf.
Core images are shifted in depth by 2.2 m to match the NGR data as indicated by core-log
correlation (Table 5.5-T2) or by about 3 m as a possible improved match to the FMS data.
These shifts are possible owing to the incomplete recovery that occurred in some cored
intervals. The FMS-to-core correlation may also be degraded because some sandy intervals
were likely not recovered as noted in the text. Dynamic images = color equalized over a
moving window; Static images = color equalized over the entire hole.
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Figure 5.7-F8 Magnetic susceptibility data from logs recorded by the MSS (Magnetic
Susceptibility Tool) compared with core data for the 260-300 mbsf interval showing the
clear correlation between the two datasets. The depths of the core data have been adjusted
to match the depths of the log data.
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5.7.4 Highlights
One of the purposes of the downhole measurement program was to complement the
recovered core in intervals with partial recovery and to depth-correct cores with partial
recovery and identify missing boundaries. The definition of the lithostratigraphic subunits
sampled in Hole U0080A and identification of unrecovered lithologies were based to
significant extent on the gamma ray logs (see “5.3 Lithostratigraphy”).
Preliminary observation of the logging data contributed a few additional results:


The analysis of the spectral gamma ray data from the HNGS, in particular the thorium
content and the Th/U ratio (Fig 5.7-F.3), shows overall elevated levels of thorium and
high values of Th/U in many intervals below ~80 mbsf, within Lithostratigraphic Unit II
(see “5.3 Lithostratigraphy”). This suggests that this unit was formed through episodic
deposition in a terrestrial environment, characterized by high Th/U ratio, alternating
with deposition in a marine environment and lower Th/U values (Rider, 1996).



The FMS images acquired from Hole U0080A are of high quality across the logged
section and show a range of textures and features that can be identified, including
surfaces and beds dipping consistently to the SW at ~10°-20° (Fig. 5.7-F6), and series of
centimeter-to-meter scale highly resistive (mudstone) and conductive layers (sands)
(Fig. 5.7-F7). Comparison with core images shows that the orientation of the beds was
not apparent in the cores. The deviation of the borehole from vertical to the SW was
probably influenced by the dipping of the beds at this location.



The magnetic susceptibility data acquired by the LDEO-Magnetic Susceptibility Sonde
(MSS) compare very well with the data measured on cores (Fig. 5.7-F8). The correlation
is shown for the 260-300 mbsf interval which had the highest core recovery. The
complete correlation between the core and log data and the depth adjustments to
match the core data to the log data is given in section “5.5.5 Core-Log Correlation”.

5.7.5 References
Rider, M., 1996. The Geological Interpretation of Well Logs (2nd Ed.). Caithness (Whittles
Publishing), pp. 280.
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5.8 Core-Log-Seismic Integration
5.8.1 Overview
Based on the acquisition of downhole logging data (section “5.7 Downhole
Measurements”) a seismic-to-well tie was generated for Hole U0080A. The well tie had the
following objectives: 1) correlation of seismic reflections with Site U0080 lithology,
chronostratigraphy, and physical properties (sections “5.3 Lithostratigraphy”, “5.4
Chronostratigraphy” and “5.5 Physical Properties”), and 2) derivation of a wavelet that can
be used for seismic inversion.
Overall reasonable correlation between the synthetic trace and the seismic
reflection data was achieved. Areas of poor correlations occur in the interval where the
downhole wireline logs were perturbed by the drill pipe in the uppermost 31 mbsf and
between 31 and 38 mbsf where the density tool was not in contact with the borehole wall
due to the caliper arm having to be closed while it passed through the drill pipe. In
addition, stratigraphy immediately below 31 mbsf is affected by the presence of nonpervasive siderite cement within carbonaceous claystones, which may add to the poor
correlation within this zone. Generally, seismic reflections can be confidently correlated to
changes in lithology. Higher-amplitude reflections present within the seismic reflection
data are attributed to beds that contain high concentrations of organic carbon and those
that have been altered by siderite or dolomite cement.

5.8.2 Methodology
The checkshot survey performed at Hole U0080A formed the basis for the creation
of a synthetic wavelet (see section “5.7 Downhole Measurements, Table 5.8-T1). Interval
velocities were extracted and used for the initial velocity model for the well tie. An acoustic
impedance (Ρ) profile was derived from the unedited compressional sonic velocity and the
bulk density log data by multiplying the two logs together (Fig. 5.8-F1, panels B-D). The
acoustic impedance data was then used to generate a reflectivity series using the formula:
R = (Ρ2 – Ρ 1) / (Ρ 2 – Ρ 1)
where P2 and P1 are the acoustic impedance contrasts between the lower and upper
lithologies respectively and R is the reflection coefficient.
The reflectivity series is convolved with a seismic wavelet to produce a synthetic
seismogram that can be compared with the traces of the seismic data (Fig. 5.8-F1, panels EG). For the generation of a synthetic seismogram the reflectivity series was convolved with
a zero phase wavelet. The resultant frequency of the synthetic wavelet is compared with
the frequency of the seismic data where a good correlation between the two is sought. The
generation of a synthetic requires minimizing any phase and polarity differences with the
seismic data. The seismic data is zero phase migrated and an increase in acoustic
impedance (soft to hard event) is recorded by a peak, which gives rise to a black reflection
in Fig. 5.8-F1. A decrease in acoustic impedance is recorded by a trough, which gives rise to
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a red reflection in Figure 5.8-F1. The phase and polarity of the synthetic wavelet is
conformed to the phase and polarity of the seismic data to ensure that correlation between
the two can occur.
Peaks and troughs between the seismic and the synthetic are checked for alignment
and any differences between the amplitude of the synthetic and seismic traces are noted.
Once a good correlation between the two has been achieved, the synthetic seismogram is
considered acceptable. However, the synthetic seismogram probably could be improved if
the reflectivity series was convolved with a wavelet containing the exact seismic signature
of the seismic data. Such a wavelet was not available during the expedition. The quality of
the synthetic seismogram was, however, assessed by comparing and integrating it with the
results from core and log data with the purpose of correlating characteristics present
within the seismic data with described lithologies and rock properties.
Table 5.8-T1. Checkshot data used for the derivation of a synthetic wavelet and
seismogram creation. mbsl = meters below sea level; mbsf = meters below seafloor.
Depth
(mbsl)

Depth
(mbsf)

One-way travel time
(ms)

Two-way-travel-time
(ms)

Interval Velocity
(m/s)

273.0

50.00

177.5

355.0

2111

323.0

100.0

200.0

400.0

2221

373.0

150.0

220.5

441.1

2433

423.0

200.0

240.6

481.2

2491

473.0

250.0

260.5

520.9

2519

523.0

300.0

279.4

558.9

2635

573.0

350.0

297.5

594.9

2774

Figure 5.8-F1. Synthetic seismogram for Hole U0080A, composite summary plots showing
the components involved in creating a synthetic seismogram and its correlation with core
data. Panels are A) core recovery and lithology, B) wireline bulk density, C) wireline
compressional sonic velocity, D) acoustic impedance, E) synthetic wavelet, F) seismic
traces (SP = shotpoint), G) synthetic seismogram, H) formation tops, and I) assigned age
dates. (Continued on next page.)
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Figure 5.8-F1 (continued).
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5.8.3 Core-log-Seismic Integration
Overall the synthetic seismogram shows good agreement with the traces observed
from the seismic data (Fig. 5.8-F.1). Areas of poor agreement occur in the uppermost (~38
mbsf) portion of the seismogram. In this interval the logging data is affected by the
presence of the drill pipe, which extended 31 mbsf and so the readings recorded by the
compressional sonic and bulk density logs are that of the drill pipe and not the
stratigraphy. From 31–38 mbsf the density readings are not valid as the caliper tool was
not fully open to allow the tool to pass through the drill pipe. Hence, the uppermost 38 m of
the synthetic wavelet can be disregarded. Directly beneath the depth affected by the drill
pipe lies a “noisy” interval where moderate to poor correlations occur between the
synthetic and the seismic trace (31–76 mbsf). It is possible that the logging instruments are
still sensitive to the effects of the drill pipe in this interval and/or the variability in the
quality and phase of the seismic traces within this interval cumulatively or individually
contribute to the poor correlation (Fig. 5.8-F1). Beneath 77 mbsf, the correlation between
the generated synthetic and the seismic traces are good.
There are a few notable excursions in bulk density, compressional sonic velocity,
and the resulting acoustic impedance contrast, which correlate well with recorded changes
in the physical properties (section “5.5 Physical Properties”) and observed lithological
changes documented from recovered cores (section “5.3 Lithostratigraphy”). These
excursions give rise to a series of relatively high-amplitude seismic reflections, as shown in
the seismic section panel (Fig. 5.8-F1, panel G). Lithostratigraphic Subunit II (Cores
U0080A-2R to 11R; 0.8–80.1 mbsf) is the interval that contains beds that have been
cemented by siderite (see section “5.3 Lithostratigraphy”). As documented in section “5.5
Physical Properties” these beds have high bulk densities, in agreement with the bulk
density data recorded by wireline, and high compressional sonic velocities (not evident in
the compressional sonic wireline log) (Panels b and c, Fig. 5.8-F1). The “noisy” appearance
of the seismic data between 0–80 mbsf, combined with the lack of excursions in acoustic
impedance throughout this interval, despite the high density spikes recorded in the bulk
density wireline log, could also be attributed to a non-uniform distribution of siderite
cement. A noticeable increase in acoustic impedance at ~80 mbsf (Core U0080A-13R) is
likely to represent heavily siderite cemented claystone, based on the lithostratigraphic
interpretation detailed in section “5.3 Lithostratigraphy” (Subunit IIA). In addition, this is
in agreement with a measured core sample from this interval (Sample U0080A-13R-2, 1820cm) in section “5.5 Physical Properties”, which also recorded high bulk densities and
high velocities. The reflection generated by this increase in acoustic impedance marks the
base of the siderite-cemented zone and correlates with the base of Subunit IIA.
Within Subunit IIB (80.1–262.4 mbsf) there is a quadruplet of large contrasts in
acoustic impedance between 160–185 mbsf, caused by large differences in the densities
and velocities of the layered stratigraphy, which can be correlated to lithogical changes
observed in Cores U0080A-23R and 24R. These large differences in acoustic impedance
give rise to a series of high-amplitude seismic reflections. The largest positive excursion in
the acoustic impedance occurs at 177 mbsf and separates negative excursions situated
immediately above and below. This significant positive excursion correlates with silty
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sandstone that is heavily cemented by dolomite, as documented in section “5.5 Physical
Properties” (Core Sample U0080A-31R-1, 64-66 cm).
Low densities and velocities give rise to negative excursions in acoustic impedance
that coincide with beds that contain high concentrations of carbonaceous material (coals
and carbonaceous mudstones). Core U0080A-21R had low recovery; however, it is possible
that the positive excursion in acoustic impedance generating a high-amplitude reflection at
about 160 mbsf relates to another cemented (possibly dolomite) bed. Interestingly the
synthetic wavelet over this interval generates significantly more reflectivity than recorded
in the seismic traces. This may be due to the compressional waves not being captured by
the sonic log over this interval. The magnitude of the excursion in acoustic impedance at
179 mbsf may not be as significant regionally as recorded locally in the borehole. The large
amplitude of the wavelet at this depth potentially may attenuate the reflectivity of the
synthetic record below 185 mbsf.
Below this quadruplet of large contrasts in acoustic impedance (>185 mbsf),
multiple low density and velocity excursions coincide with the presence of carbonaceous
mud, silt and sandstones beds (summarized as coals in Fig. 5.8-F1) that occur throughout
Subunit IIB (80.1–262.4 mbsf) (Cores U0080A-12R through -31R). This is supported by the
Formation Micro-Scanner data where carbonaceous beds are clearly highlighted from the
background due to their high resistivities relative to the sounding sandstones (section “5.7
Downhole Measurement”, Fig. 5.7-F7).
The base of Subunit IIB (262.4 mbsf, base of Core U0080A-31R) is marked by a
distinct change in trend of the density and compressional sonic velocities as the strong
negative excursions in acoustic impedance caused by high organic content are absent from
the profile. Core U0080A-32R marks the onset of Subunit IIC (262.4–345.9 mbsf). This
change in lithology to carbonaceous mudstones coincides with an absence of low-density
spikes on the bulk density wireline log. The positive excursions in acoustic impedance at
about 260 and 280 mbsf likely represent the reoccurrence of siderite cement as
corroborated by physical property measurements (Fig. 5.5-F1a).
The wireline logging tools did not reach to the base of Hole U0080; however, the
black (positive) refection at ~345 mbsf, close to the total depth of the well, can be
tentatively assigned the top of Subunit IID (345.9–358.5 mbsf) (section “5.3
Lithostratigraphy”).
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6.1 Site Summary
6.1.1 Highlights
Coring at Site U0070 (75° 42.3642' N, 65° 43.7720°W, 592.2 m water depth) was
very successful despite several interruptions by advancing ice. Hole U0070A was cored to a
depth of 303 mbsf with 63% recovery. It was in excellent condition for logging and most
importantly, the core and logging data acquired provide a wealth of information for
assessing lithologies, ages, paleoenvironmental settings, physical properties, and potential
source rock characteristics. Highlights for Site U0070 include:












Determining that the primary lithologies are interbedded carbonaceous claystones,
mudstones, siltstones, sandstones, and cementstone horizons.
Estimating the age of the primary lithologies as Turonian (~90-94 Ma) from the
presence of dinoflagellates, pollen, and spores.
Reconstructing the paleoenvironmental setting from sedimentological, paleontological,
geochemical, and logging evidence to conclude that Site U0070 was located in a distal,
open-marine environment associated with deposition on a seafloor with prevailing lowenergy conditions.
Characterizing the seismic velocity, porosity, and density of the rock units and using
them to predict depths to seismic reflectors
Correlating a synthetic seismogram generated from logging data with seismic reflection
data to show that high-amplitude seismic reflections can be correlated to changes in
lithology. Higher-amplitude reflections present within the seismic reflection data are
attributed to sandier beds, particularly to those that have been altered by siderite or
dolomite cement, and to increases in organic carbon content and/or biogenic silica.
Determining that the variability in physical properties is attributable to the presence of
pore-filling siderite cement, which increases velocity, density, and magnetic
susceptibility and reduces porosity, and to the relative abundance of low-density
biogenic opal-A and opal-CT content downhole.
Stratigraphically repositioning the true depths of each core and determining what
material was not recovered using the logging NGR and magnetic susceptibility data.
Showing that the source rock potential of many of the carbonaceous units in
Lithostratigraphic Unit II are not promising for oil and gas generation, as indicated by
relatively low organic matter content and low pyrolysis yields.

6.1.2 Background and Objectives
Site U0070 was one of seven primary sites targeted for the Baffin Bay Scientific
Coring Program (BBSCP). The site was originally denoted as Site SC-7 by the consortium of
companies planning the project, as Site 5 in the GEMS Geophysical Report (GEMS
International Group of Companies, 2011, unpublished report), as Site USC070 prior to the
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start of BBSCP, and, once coring began, as Site U0070 to comply with site-naming
conventions commonly used on the JOIDES Resolution.
Site U0070 is located on the northwest Greenland continental shelf, on a structural
high on the east side of the southernmost Kap York Basin (Fig. 6.1-F1). The seismic
reflection profiles across the site show a thin veneer of sediments (~3 m), interpreted prior
to the expedition as Quaternary glacial sediments, overlying a southwest dipping sequence
of pre-Quaternary strata (Figs. 6.1-F2 and 6.1-F3).

Figure 6.1-F1. Structural elements of Melville Bay area (after Whittaker et al., 1997).
The upper 500 m of sediments were targeted for coring at Site U0070. The primary
objectives were to:




Obtain stratigraphic information about the cored section, with a focus on the lithologies,
ages, and paleoenvironmental settings;
Estimate potential source rock characteristics;
Determine the physical properties of the rock units for evaluating potential reservoir
properties and improving seismic velocity models (depth vs. time curves).
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Figure 6.1-F2. Site location with bathymetry and seismic lines.
Prior to coring, the targeted strata underlying the Quaternary sediments was
estimated to be a thick succession of late to mid-Tertiary (5–34 Ma) highly compacted
clastic rocks, including clays, shales/mudstones, and sandstones. The coring plan was to
core a single hole with the rotary core barrel (RCB) based on coring information from other
BBSCP sites cored so far. The geophysical site survey data from the GEMS Geophysical
Report indicated that the seabed was scarred with iceberg plow marks (Fig. 6.1-F2).
Photographs from that report showed the seabed was covered by a thin layer of recent
mud that undulated over cobble-sized clasts.

6.1.3 Coring Summary
A single RCB hole was cored to a total depth of 303.1 mbsf at Site U0070 (Table 6.1T2). In total, 189.9 m of core were recovered from the 36 cores collected from Hole
U0070A, giving an average core recovery of 63% (Table 6.1-T2). Each core took on average
2.96 hrs to collect. This includes wireline time, time to wait for headspace gas results from
the prior core before coring was resumed, and other operations that took place between
cores. Using this time, the recovery rate was between 1.7 m/hr and 9.6 m/hr, with an
average of 5.0 m/hr (Table 6.1-T2). Additional coring statistics are provided for the holes,
cores, and sections in Tables 6.1-T1, -T2, and Appendix Table-AT1, respectively.
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Figure 6.1-F3. Crossing seismic reflection profiles through Site U0070.
Table 6.1-T1. Hole summary for Site U0070.
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Table 6.1-T2. Core summary for Site U0070.

6.1.4 Science Results
6.1.4.1 Lithology
Two lithostratigraphic units are defined at Site U0070 (Fig. 6.1-F4).
Lithostratigraphic Unit I is limited to the Sections U0070A-1R-1 and -CC that contained
sandy mud with pebbles and washed gravel. Lithostratigraphic Unit II represents the
majority of the drilled succession consisting of laminated carbonaceous clay- or mudstones,
and siltstones, sandstones, and intraclast conglomerates with a variety of features,
including parallel and cross-laminations, scours, load structures and graded to massive
bedding.
Based on its character and clast content, Lithostratigraphic Unit I is considered a
deglacial to Holocene marine sequence deposited after ice sheet retreat from the northwest
Greenland continental shelf. Lithostratigraphic Unit II forms a thick succession of blackgray carbonaceous shales, with discrete graded and laminated beds of variable grain size
ranging from silt to granule, suggestive of gravitational mass transport and turbiditic
deposition in an upper slope environment. Possibly, accumulation took place on the margin
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of a rift basin, where surface water productivity was relatively high and/or mid-depth
circulation was reduced, favoring an expanded oxygen minimum zone. A few intervals
show features of sand injection through vertical fracture systems. Siderite-cemented
intervals corresponding to peaks in magnetic susceptibility occur regularly throughout the
entire unit.
6.1.4.2 Ages
The chronostratigraphy for Site U0070 is constrained biostratigraphically by
planktonic and benthic foraminifera, calcareous nannofossils, diatoms, dinoflagellate cysts,
pollen, and spores. In addition, the natural remanent magnetization (NRM) measured
before and after magnetic cleaning was used to determine the magnetostratigraphic
polarity (Fig. 6.1-F4).
Lithostratigraphic Unit I (0‒8.80 mbsf) is Quaternary in age based on a diatom
assemblage that indicates an age <0.305 Ma, as well as the occurrence of the planktonic
foraminifera Neogloboquadrina pachyderma (s), which indicates an age <1.0 Ma, and a
benthic foraminifera assemblage characteristic of high northern latitudes during the
Pleistocene and Holocene. The normal polarity within this interval is assigned to the
Brunhes Chron (C1n; 0‒0.781 Ma).
Lithostratigraphic Unit II (8.80‒297.77 mbsf) is Turonian in age based on the
presence of a number of dinoflagellate cysts, including Cauveridinium membraniphorum,
Chatangiella granulifera, Heterosphaeridium deficile, and Trithyrodinium suspectum, as well
as the pollen Rugubivesiculites rugosus and Cranwellia sp. This is consistent with the
observed normal polarity and assignment to the Cretaceous Long Normal Polarity interval
(Superchron C34n).
6.1.4.3 Facies, Lithological Subunits, and Paleoenvironmental Setting
Six lithofacies were identified at Site U0070 based on differences in grain size, color,
and sedimentary structures. Facies 1 is mud with pebbles and sandy mud with lamination.
It is olive gray to dark gray and restricted to the upper 71 cm of Core U0070A-1R. Clasts in
the topmost (0–30 cm) olive gray mud interval vary from granule to pebble in size.
Laminations are observed mainly in the interval 37-47 cm. Facies 2, a black carbonaceous
shale with fine laminae, is the most common lithofacies encountered at Site U0070. The
black coloration reflects a total organic carbon content of 2–3 wt%. In much of the
recovered sections the degree of bioturbation is absent to sparse. Facies 3 is gray to dark
gray, poorly sorted massive muddy sandstone with clay intraclasts. It is generally recorded
as medium-coarse sand in muddy matrix. Bedding contacts are sharp and indications of
basal erosion are uncommon, although in some cases flute casts have been identified. The
rare presence of vertical dikes/veins with oriented grains suggests that Facies 3 was
deposited as a fluid-rich sediment, subject to post-depositional deformation.
Several types of textures and hydraulic sediment structures characterize Lithofacies
4, graded siltstone and sandstone, which varies from dark greenish gray to dark brown. It
is commonly observed with graded bedding, horizontal laminations, wavy to convolute
lamination and ripple cross-lamination in the silt to fine sand range.
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Lithofacies 5 is only observed in three sections of Unit II including a vertical fracture
zone penetrating into laminated sandstone. It is distinguished from Facies 3 by lack of shale
intraclasts, a lower mud content and a higher proportion of sand-size quartz grains. Thinsection analyses of a massive sandstone interval indicated medium size grains of immature
composition with siderite as the main cement phase. Porosity, up to 20%, is mainly seen in
the form of matrix dissolution, oversized pores and honeycombed grains, suggestive of a
secondary origin.
Facies 6 is siderite cementstone and occurs as dense, light gray horizons that are
thoroughly cemented with carbonate, principally siderite (FeCO3), although in one horizon
dolomite and rhodochrosite were identified. The horizons are typically 3–10 cm thick and
mainly developed within carbonaceous mudstone Facies 2, but also within the graded
sandstone/granule beds of Facies 4. The horizons tend to occur with a regular spacing of
about 1.0-0.5 m throughout lithostratigraphic Unit II.
Sediments in the upper part of the section indicate a steeper depositional surface
and greater water depths relative to sediments from the lower part of the section. Rocks
from Site U0070 indicate that deposition occurred on a seafloor with prevailing low-energy
conditions. However, the nature of the coarse-grained deposition indicates that the
Turonian seabed was subjected episodically to stronger unidirectional bottom currents and
small debris flows. There is no evidence of wave influence impinging on the seafloor. These
characteristics suggest deposition in relatively deeper water and on steeper bathymetry,
consistent with an upper slope setting. Surface waters above Site U0070 were productive
during the Turonian, at least intermittently. The presence of pyrite in some intervals
indicates anoxic conditions were present in the sediments. It is likely that the water column
was partially oxygenated with conditions no lower than sub- or dysoxic because glauconite
is common and probably formed in situ by alteration of fecal pellets.
A distal, open-marine depositional environment is interpreted for Lithostratigraphic
Unit II based on the high diversity of dinoflagellate cysts, limited terrestrially derived
organic material, and the low abundance of pollen and spores. The occurrence of
calcareous nannofossils and diatoms also suggest open-marine conditions. The
agglutinated benthic foraminifera present typically occur in slope to abyssal depths and are
associated with flysch deposits
6.1.4.4 Physical Properties
There are no systematic trends in physical properties with depth at Site U0070;
however, a broad three-fold subdivision can be made based on grain density and natural
gamma radiation. These properties reflect changes in the relative abundance of low-density
(~2.0 g/cm3) biogenic opal-A and opal-CT content downhole. Low average grain densities
(<2.55 g/cm3) and low natural gamma radiation indicate the presence of low (<15%) and
moderate (<40%) amounts of biogenic opal between 8.80–100 mbsf and 190–303 mbsf,
respectively, with a barren interval from 100–190 mbsf. The wide range of grain densities
between 190 and 303 mbsf shows opal is not uniformly high throughout this interval and is
instead concentrated in discrete beds.
At higher resolution, meter-thick mudstone layers are interbedded with centimeter
to decimeter-thick laminated fine sandstone and siltstone beds, which are often siderite
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cemented. The siderite cement results in high density and magnetic susceptibility spikes.
Low natural gamma radiation values reflect the coarser grain size and reduced
concentration of K-bearing clay and U-bearing organic matter in these beds. The rate at
which siderite-cemented beds occur, as defined by magnetic susceptibility values of 1.7 ×
10-4 SI, and by proxy siltstone/sandstone beds, increases with depth from ~1/m in Core
U0070A-17R to ~1.8/m in Core U0070A-33R.
Comparison with downhole wireline logging data shows close correspondence
between our laboratory measurements of bulk density and porosity and in situ
measurements (Fig. 6.1-F4). Carbonaceous mudstone P-wave velocities in the vertical (z)
direction average 2400 m/s and are slightly higher than P-wave velocities measured in situ
(average velocity 2330 m/s) with the wireline sonic tool.
NGR and magnetic susceptibility data from the core were correlated to logging NGR
and magnetic susceptibility data, which was used to determine the depth shift needed to
place the recovered core in the same depth scale as the logging data (referred to as the
meters composite logging depth [mcld] scale). Without these shifts, one only knows that
the core material came from somewhere within the cored interval, which for cores with
incomplete recovery can be equated to several meters of uncertainty in their true depths.
Thus, the shifts provide a means for constructing a complete stratigraphic succession for
Hole U0070A and for assessing what lithologies were recovered versus those that were not.
6.1.4.5 Geochemistry
Headspace gases at Hole U0070A consist of almost pure biological methane.
Methane levels were moderately high with values almost always below 100,000 ppmv. TOC
values at Hole U0070A were moderately low with average values around 2 wt%, the lowest
for Cretaceous material obtained during Expedition 344S. The C/N ratios and hydrogen and
oxygen indexes indicate that the source of organic matter at Hole U0070A is marine (Fig.
6.1-F4). The TOC and pyrolysis yields (S1+S2) of Hole U0770A are generally too low to be
considered petroleum source rocks.
6.1.4.6 Downhole Measurements
Two tool strings were deployed to log a 303.1-m section of Hole U0070A over a
period of ~10 hours. The data collected include gamma ray, density, resistivity, electrical
images, velocity, and magnetic susceptibility (Fig. 6.1-F4). The hole was in good condition
down to ~260 mbsf, allowing acquisition of high quality logging data to complement the
partial core recovery in Hole U0070A. Formation Microscanner (FMS) images clearly
illuminate the systematic southerly dip of the recovered beds. One of the most striking
features in the logging data is the peak in the Th/K ratio between 85 and 90 mbsf, which is
created by both high thorium values and low potassium. This layer overlies an interval of
high velocity and high resistivity. The Th/K peak and the low photoelectric factor values
measured by the density sonde (not shown) suggest an interval rich in kaolinite or similar
clay minerals, which could result from some weathering or leaching process that would
also have altered the velocity and resistivity of the underlying formation.
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6.1.4.7 Core-Log-Seismic Integration
Based on the acquisition of downhole logging data a seismic-to-well tie was
generated for Hole U0070A. A well tie was created to correlate seismic reflections with Site
U0070 lithology, chronostratigraphy, and physical properties.
Overall moderate correlation between the synthetic trace and the seismic reflection
data was achieved. Areas of poor correlations occur in the interval immediately below the
drill pipe between 41 and 90 mbsf. Generally, high-amplitude seismic reflections can be
correlated to changes in lithology. Higher-amplitude reflections present within the seismic
reflection data are attributed to sandier beds, particularly to those that have been altered
by siderite or dolomite cement, and to increases in organic carbon content and/or biogenic
silica.

6.1.5 References
Whittaker, R.C., Hamann, N.E., and Pulvertaft, T.C.R., 1997. A new frontier province offshore
northwest Greenland: structure, basin development, and petroleum potential of the
Melville Bay area. American Association of Petroleum Geologists Bulletin, 81, 978–998.
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6.2 Operations
6.2.1 Transit to Site U0070
After completing operations at Site U0080 on 21 August 2012, the JOIDES
Resolution (JR) returned to Hole U0110C to ensure that plugging the hole with heavy mud
had stopped any outflow (see section “4.2 Operations”). After completing these operations,
the JR departed Hole U0110C at 0142 hrs on 23 August 2012, underway for Site U0070
(Fig. 6.2-F1). The 75 nmi took 8.4 hours at an average speed of 8.9 knots.

Figure 6.2-F1. Location map of sites cored during the Baffin Bay Scientific Coring Program.

6.2.2 Site U0070 Operations
Operations at Site U0070 began at 1006 hrs on 23 August 2012. Operations for the
first 3.5 hours on site included positioning the vessel over the site coordinates, deploying
the positioning beacon, making up the bottom-hole assembly (BHA), deploying the Fugro
SeaBird to collect water column data to calibrate acoustic velocity, and tripping the pipe
down to near the seafloor. An additional ~12 hours were used to conduct an ROV survey of
the seafloor to ensure that the area within a 20 m radius of the site coordinates was free of
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any significant biota. After the survey was completed, the ROV umbilical became entangled
with the drill string. To aid in recovering the ROV, we began tripping pipe to the surface.
This strategy worked, as the ROV umbilical came free of the pipe at 105.0 m below rig floor.
After recovering the ROV, the pipe was again tripped to near the seafloor in preparation for
spudding the hole.

Figure 6.2-F2. Planned and actual operations at Site U0070.
Hole U0070A was spudded using the rotary core barrel (RCB) system at 0325 hrs on
24 August 2012. Coring proceeded slowly down to Core U0070A-4R (25.4–35.0 mbsf)
because as a precaution short cores were occasionally cut and coring temporarily halted to
wait for headspace gas results before coring ahead. Although there were no high headspace
gas measurements, a small amount of ethane (2–4 parts per million by volume [ppmv])
was present in Cores U0070A-3R and -4R. The vibration-isolated television (VIT) was
deployed to confirm that there was no outflow from the hole. Coring continued slowly
down to Core U0070A-10R (64.1–73.7 mbsf), with occasional half cores cut; however, all
headspace gas measurements were well within the safety limits, with a high of 53,000
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ppmv in Core U0070A-9R. Since there was evidence of hole instability, a wiper trip was
performed after retrieving Core U0070A-10R. A free-fall funnel (FFF) was also deployed as
a precaution, although no ice was threatening the site at this time. To improve hole
stability, we conducted remedial cleaning and reaming through tight spots, followed by a
sweep of the hole with high-viscosity mud.
Coring continued uneventfully down to Core U0070A-22R (179.3–188.9 mbsf).
Although there were no signs of problems, we opted to trip pipe to change the drill bit to
avoid accumulating too many rotating hours. After completing this operation, the VIT was
deployed for reentry into Hole U0070A; however, before the hole could be reentered, ice
began to encroach on the drill site. While waiting for the ice to clear, the ship was moved in
dynamic positioning (DP) mode to the Site U0061 coordinates in hopes of conducting a
seabed survey. Unfortunately, ice conditions did not permit enough time to complete this
operation, and so the vessel was moved to a safe location to observe ice movement. After
more than 20 hours of waiting on ice (WOI) without any sign of a break, we decided to
transit south to Site U0100. The JR departed the area at 1115 hrs on 28 August 2012.
After completing coring operations at Site U0100 at 1200 hrs on 30 August 2012,
the JR transited back to Site U0070 in hopes of reentering the hole, arriving on site at 2000
hrs on 30 August. The drill string was tripped to near the seafloor and the VIT deployed;
however, before the hole could be reentered, an approaching iceberg canceled the
operation. After WOI for more than eight hours, the ship was moved in DP mode toward
Site U0061 to attempt a pre-spud seabed survey. This movement was stopped between the
two sites due to ice conditions. After continuing to wait on ice for more than 24 hours, we
received word that the more southerly Site U0090 had been approved. The drill string was
tripped to the surface and the rig prepared for transit. The JR departed the area at 2000 hrs
on 1 September 2012.
Ice in the vicinity of proposed Site U0090 (which was never occupied during the
expedition) kept us from commencing any operations there. While WOI, we sent five
additional site locations to the Texas A&M Safety Panel for review. We conducted seabed
biota surveys of three of the sites while waiting for approval, and eventually cored Site
U0083 (see section “8.2 Operations”). Following completion of coring at that site, we again
transited back to Site U0070 to attempt to deepen the hole, arriving on site at 0418 hrs on 6
September 2012.
After WOI for nearly 20 hours near Site U0070, we again moved towards Site U0061.
Ice conditions at the site allowed us to conduct a seabed biota survey; however, there was
not enough time to spud a hole. The vessel then moved back toward Site U0070 and
continued WOI. During this time the pipe was tripped to the surface to allow the vessel to
move more quickly should an opening in the ice become available. After WOI for about 21
hours, a break in the ice occurred and the ship was moved to the site. Hole U0070A was
reentered at 1903 hrs on 8 September 2012. Unfortunately while washing to total depth
(TD), ice began to encroach on the site, forcing us to pull out of the hole. After about ten
more hours of WOI, the ice cleared and the hole was again reentered at 1005 hrs on 9
September 2012. The hole was washed to TD, where 1.5 m of fill had accumulated. Core
U0070A-23R (188.9–193.8 mbsf) was collected before approaching ice forced coring
operations to once again cease. Ice conditions looked unfavorable for at least 24 hours at
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Site U0070 and those further north (Fig. 6.2-F1), so we decided to return to the vicinity of
Sites U0082 and U0083. The JR departed Site U0070 at 2206 hrs on 9 September 2012.
After eight days of coring operations at Sites U0082, U0061, and U0047, the JR
returned to Hole U0070A to complete operations, arriving at 1845 hrs on 17 September
2012. Due to approaching ice, a WOI period lasting approximately 12 hours occurred
before we were able to reenter the hole at 1122 hrs on 18 September 2012. The hole was
washed and reamed to TD before coring resumed. Coring proceeded to Core U0070A-30R
(245.5–251.1 mbsf) before an approaching iceberg forced a ~2.5 hr period of WOI. The
hole was again washed and reamed to TD. Six additional cores (to Core U0070A-36R
[293.5–303.1 mbsf]) were collected before more ice encroached on the drill site, forcing us
to cease coring operations.
After WOI, a decision was made to log the hole rather than attempt to deepen it
further. Hole U0070A was reentered at 0854 hrs on 20 September 2012, and then washed
and reamed to TD, followed by a sweep with 30 barrels of high-viscosity mud. Prior to
logging, the bit was released in the hole at 291.5 mbsf. Two logging runs were completed.
The triple-combo tool suite reached to ~43 m off bottom during the first run. The
Formation MicroScanner (FMS) was used during the second run. After rigging down from
wireline logging, the positioning beacon was recovered and the vessel secured for transit.
The JR departed Site U0070 for the final time at 0230 hrs on 21 September 2012.
Table 6.2-T1. Site U0070 operations.
Date

Time (hrs)

Hours

Location

23-Aug-12

0145-1000

8.25

Transit

23-Aug-12

1000-1100

1

Hole U0070A

End sea voyage at 1006 hrs. Lower thrusters/hydrophones.
Switch to DP control at 1031 hrs. Locate ship over position
coordinates. Deploy positioning beacon at 1104 hrs.

Hole U0070A

Make-up RCB BHA and lower drill string to 596.0 mbrf. Pickup top drive and space out for spudding. Deploy CTD for
water sample to calibrate Fugro acoustic velocity and
deploy ROV clump weight while handling tubulars.

23-Aug-12

1100-1330

2.5

Activity
Underway to Site U0070.

23-Aug-12

1330-2400

10.5

Hole U0070A

Deploy ROV and complete pre-spud survey of Site U0070.
Area within 20 m radius of site coordinates clear of any
significant biota. Tag seabed and confirm position
coordinates with Fugro. ROV umbilical entangled with drill
string. Set back top drive and begin POOH with drill string to
aid in recovering ROV.

24-Aug-12

0000-0115

1.25

Hole U0070A

Continue to POOH with drill string. ROV free from pipe at
105.0 mbrf. Recover ROV and retrieve VIT.

24-Aug-12

0115-0330

2.25

Hole U0070A

Lower drill string to 568.0 mbrf. Pick-up top drive and space
out drill string.

24-Aug-12

0330-0600

2.50

Hole U0070A

Spud Hole U0070A at 0325 hrs. Determine seafloor depth
via DP tag at 603.5 mbrf. Cut RCB Core 1R to 8.8 mbsf (612.3
mbrf). Core on deck at 0555 hrs.
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Hours

Location

Activity

24-Aug-12

0600-1900

13.00

Hole U0070A

Continue RCB coring. Cut and recover Cores 2R through 4R
to 25.4 mbsf (628.9 mbrf). In some cases, short cores cut as
a precautionary measure in addition to periodic coring slow
downs to allow headspace samples to be processed before
advancing hole.

24-Aug-12

1900-2030

1.50

Hole U0070A

Deployed VIT after Core 4R to observe hole and confirm no
outflow.

24-Aug-12

2030-2400

3.50

Hole U0070A

Resume RCB coring to 36.5 mbsf (640.0 mbrf). Cut and
recover Core 5R to 35.0 mbsf (638.5 mbrf).

25-Aug-12

0000-1200

12.00

Hole U0070A

Continuous RCB coring. Recover Cores 6R through 9R to
64.1 mbsf (667.6 mbrf). Cores 7R and 8R were half cores. No
distinct drilling breaks encountered and headspace data all
favorable. Periodic packing off of hole. Material appears to
be falling in from above. Cut Core 10R to 65.5 mbsf (669.0
mbrf).

25-Aug-12

1200-1430

2.50

Hole U0070A

Continue RCB coring. Cut and recover Core 10R to 73.7 mbsf
(677.2 mbrf). Core 10R on deck at 1405 hrs. Layout core
barrels and prepare to trip.

25-Aug-12

1430-1530

1.00

Hole U0070A

Wiper trip. POOH with top drive to 24.5 mbsf (628.0 mbrf).

25-Aug-12

1530-1630

1.00

Hole U0070A

Rig-up and deploy FFF as a precautionary measure to
reduce T-times. No iceberg threat at this time.

25-Aug-12

1630-1715

0.75

Hole U0070A

RIH with top drive to 73.5 mbsf (677.0 mbrf) and clean hole
to TD. Conduct remedial hole cleaning & reaming through
tight spots as required to TD. Sweep hole with high-viscosity
mud.

25-Aug-12

1715-2400

6.75

Hole U0070A

Resume RCB coring. Cut and recover Cores 11R and 12R to
92.9 mbsf (696.4 mbrf). Currently cutting Core 13R at 96.5
mbsf (700.0 mbrf).

26-Aug-12

0000-1200

12.00

Hole U0070A

Continuous RCB coring. Recover Cores 13R through 17R to
140.9 mbsf (744.4 mbrf). Currently cutting Core 18R at
141.50 mbsf (745.0 mbrf).

26-Aug-12

1200-2300

11.00

Hole U0070A

Continuous RCB coring. Cut and recover Cores 18R through
22R to 188.9 mbsf (792.4 mbrf). Layout core barrels and
prepare for tripping pipe to change out core bit. No
identifiable problems with bit. Just being conservative on bit
rotating hours in reentry hole.

26-Aug-12

2300-2400

1.00

Hole U0070A

Begin to POOH with top drive to 82.9 mbsf (686.4 mbrf).

27-Aug-12

0000-0100

1.00

Hole U0070A

Continue to POOH with top drive to 24.5 mbsf (628.0 mbrf).

27-Aug-12

0100-0130

0.50

Hole U0070A

Deploy VIT to observe pulling bit through FFF.

27-Aug-12

0130-0145

0.25

Hole U0070A

POOH through FFF. Position of funnel on seabed is good. Bit
clear of seafloor at 0135 hrs.

27-Aug-12

0145-0200

0.25

Hole U0070A

Recover VIT.

27-Aug-12

0200-0415

2.25

Hole U0070A

Set back top drive and continue to POOH. Rack back BHA.
Layout MBR. Bit clear of rotary table at 0415 hrs.

27-Aug-12

0415-0745

3.50

Hole U0070

Make-up RCB BHA and space out core barrels with CC-7
core bit. RIH to 312.0 mbrf.
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Date

Time (hrs)

Hours

Location

Activity

27-Aug-12

0745-0815

0.50

Hole U0070A

Deploy VIT in preparation for reentering Hole U0070A.
Recover VIT prior to reentering hole due to ice
encroachment on location.

27-Aug-12

0815-1330

5.25

Hole U0070A

Secure drill string at ~310 mbrf. Raise hydrophones and
move ship in DP mode to Site U0061 coordinates in hopes of
completing seabed survey before ice reaches site.

27-Aug-12

1330-1445

1.25

Hole U0070A

Not enough time to conduct seabed survey. Ice flow
continuing to encroach on location. Decision made to
abandon site. POOH with drill string. Stand back BHA and
secure rig floor.

27-Aug-12

1445-2400

9.25

DP Move

WOI. Move vessel in DP mode to safe location and observe
ice movement.

28-Aug-12

0000-1115

11.25

Standby
Location

WOI. Decision made at 1030 hrs to transit south to Site
U0100. Pull thrusters and secure rig for transit.

30-Aug-12

1200-2000

8.00

Transit

30-Aug-12

2000-2100

1.00

Hole U0070A

End of sea voyage at 2000 hrs. Lower thrusters and
hydrophones. Switch to DP mode at 2040 hrs.

30-Aug-12

2100-2300

2.00

Hole U0070A

Make up 4-stand RCB BHA with CC-7 core bit. Space out core
barrels and lower drill string to 567.0 mbrf.

30-Aug-12

2300-2330

0.50

Hole U0070A

Deploy VIT and lower drill string with subsea camera.

30-Aug-12

2330-2400

0.50

Hole U0070A

Pick up top drive and prepare for reentry.

31-Aug-12

0000-0015

0.25

Hole U0070A

Space out for reentering Hole U0070A. Iceberg approaching.
Cancel reentry operation.

31-Aug-12

0015-0600

5.75

Hole U0070A

WOI. Recover VIT while standing by. Set back top drive and
POOH to 283 mbrf.

31-Aug-12

0600-0930

3.00

Hole U0070A

Continuing to WOI at Site U0070 while also monitoring ice
conditions at Site U0061.

31-Aug-12

0930-1200

2.50

DP Move

Move ship in DP mode toward Site U0061 to attempt a prespud seabed survey with the VIT.

31-Aug-12

1200-2400

12.00

Hole U0061/70

Halt DP move at location between Sites U0061 and U0070 to
assess and monitor ice conditions. Neither site can be
occupied at this time. Continue to WOI.

1-Sep-12

0000-1800

18.00

Standby

WOI. Receive word that more southern Site U0090
approved.

1-Sep-12

1800-1900

1.00

Standby

POOH from 283 mbrf.

1-Sep-12

1900-1930

0.50

Standby

Secure rig for transit.

1-Sep-12

1930-2000

0.50

Standby

Pull thrusters.

6-Sep-12

0145-0415

2.5

Underway

6-Sep-12

0415-0445

0.50

Standby
Location

End sea voyage at 0418 hrs. Lower thrusters/hydrophones.
Switch to DP mode at 0443 hrs. On location ~6 nmi
southwest of Hole U0070A and Site U0061.

6-Sep-12

0445-2000

15.25

Standby
Location

Standing by monitoring ice movement.

6-Sep-12

2000-2400

4.00

Standby
Location

Move vessel in DP mode toward Hole U0070A.

Transit back to Hole U0070A

Underway to Hole U0070A in cruise mode at 0148 hrs.
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Date

Time (hrs)

Hours

Location

Activity

7-Sep-12

0000-0315

3.25

DP Move

Move vessel in DP mode toward Site U0061. Position vessel
over the site coordinates. On location at 0311 hrs.

7-Sep-12

0945-1745

8.00

DP Move

Move vessel in DP mode toward Site U0070.

7-Sep-12

1745-1845

1.00

Standby
Location

POOH. With pipe out of water vessel is in position to move
quicker and respond to possible opening in ice movement.

7-Sep-12

1845-2400

5.25

Standby
Location

Standing by WOI at location south of Site U0070.

8-Sep-12

0000-1400

14.00

Standby
Location

Standing by WOI at location south of Site U0070.

8-Sep-12

1400-1430

0.50

Standby
Location

Pull thrusters and hydrophones.

8-Sep-12

1430-1530

1.00

Transit

8-Sep-12

1530-1630

1.00

Hole U0070A

Lower thrusters/hydrophones. Position over site.

8-Sep-12

1630-1745

1.25

Hole U0070A

Handle BHA and lower drill string to 567 mbrf.

8-Sep-12

1745-1800

0.25

Hole U0070A

Deploy VIT.

8-Sep-12

1800-1915

1.25

Hole U0070A

Pick-up top drive and space out for reentry. Reenter Hole
U0070A at 1903 hrs.

8-Sep-12

1915-1930

0.25

Hole U0070A

Recover VIT.

8-Sep-12

1930-2130

2.00

Hole U0070A

RIH with top drive. Take weight at 168.5 mbsf (772.0 mbrf).
Continue washing hole to 174.5 mbsf (778.0 mbrf).

8-Sep-12

2130-2230

1.00

Hole U0070A

Ice encroaching on site. POOH with top drive to 11.5 mbsf
(615 mbrf).

8-Sep-12

2230-2245

0.25

Hole U0070A

Deploy VIT.

8-Sep-12

2245-2330

0.75

Hole U0070A

Continue to POOH to 509 mbrf. Bit clear of seafloor at 2255
hrs.

8-Sep-12

2330-2400

0.50

Hole U0070A

WOI.

9-Sep-12

0000-0015

0.25

Hole U0070A

Recover VIT.

9-Sep-12

0015-0115

1.00

Hole U0070A

Set back top drive and POOH to 395.0 mbrf.

9-Sep-12

0115-0900

7.75

Hole U0070A

Resume WOI.

9-Sep-12

0900-0930

0.50

Hole U0070A

Site ice free. RIH to 566.0 mbrf.

9-Sep-12

0930-0945

0.25

Hole U0070A

Deploy VIT.

9-Sep-12

0945-1030

0.75

Hole U0070A

Space out drill string. Reenter Hole U0070A at 1005 hrs.
Continue to RIH to 77.5 mbsf (681.0 mbrf).

9-Sep-12

1030-1045

0.25

Hole U0070A

Recover VIT.

9-Sep-12

1045-1230

1.75

Hole U0070A

Continue to RIH to 135.5 mbsf (739.0 mbrf). Pick-up top
drive and wash down to TD of hole at 188.9 mbsf (792.4
mbrf). One and one half meters of fill on bottom.

9-Sep-12

1230-1500

2.50

Hole U0070A

Deploy core barrel and resume RCB coring. Cut and recover
Core 23R to 193.8 mbsf (797.3 mbrf). Iceberg and growler
approaching more rapidly than originally anticipated.

Underway to Site U0070.
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Date

Time (hrs)

Hours

Location

Activity

9-Sep-12

1500-1615

1.25

Hole U0070A

Layout core barrels and POOH with top drive to 50.0 mbsf
(653.5 mbrf).

9-Sep-12

1615-1715

1.00

Hole U0070A

WOI while assessing operational options. Prognosis not
good for Sites U0070, U0061, U0041, U0021, or U0010 for
next 24 hours minimum. Decision made to move south to
Site U0083.

9-Sep-12

1715-1730

0.25

Hole U0070A

POOH to 19.5 mbsf (623.0 mbrf).

9-Sep-12

1730-1745

O.25

Hole U0070A

Deploy VIT to observe bit pulling through FFF.

9-Sep-12

1745-1815

0.50

Hole U0070A

Continue to POOH to 576.0 mbrf. Bit cleared seafloor at
1750 hrs. Bit hung up momentarily but FFF dropped off into
proper position in the hole.

9-Sep-12

1815-1830

0.25

Hole U0070A

Recover VIT.

9-Sep-12

1830-2030

2.00

Hole U0070A

Rack top drive and continue to POOH with drill string. Stand
back BHA. Bit clear of rotary table at 2010 hrs.

9-Sep-12

2030-2145

1.25

Hole U0070A

Secure rig for transit.

9-Sep-12

2145-2200

0.25

Hole U0070A

Raise thrusters and hydrophones.

17-Sep-12

1430-1845

4.25

DP Move

17-Sep-12

1845-2300

4.25

Hole U0070A

Make up BHA, space out core barrels, and lower drill string
to 570.0 mbrf.

17-Sep-12

2300-2400

1.00

Hole U0070A

Deploy VIT, and then recover VIT due to approaching ice in
vicinity of vessel.

18-Sep-12

0000-0530

5.50

Hole U0070A

Continue to WOI. Icebergs in vicinity of site.

18-Sep-12

0530-0615

0.75

Hole U0070A

Lower drill string to 570.0 mbrf and pick-up top drive.

18-Sep-12

0615-0800

1.75

Hole U0070A

WOI. Growler moving across drill site.

18-Sep-12

0800-0815

0.25

Hole U0070A

Deploy VIT.

18-Sep-12

0815-1100

2.75

Hole U0070A

WOI. Growler moving across drill site.

18-Sep-12

1100-1115

0.25

Hole U0070A

Lower drill string with top drive to 598.0 mbrf. Space out
drill string.

18-Sep-12

1115-1130

0.25

Hole U0070A

Maneuver ship for reentry. Reenter Hole U0070A at 1122
hrs. Taking weight at 3.5 mbsf (607.0 mbrf).

18-Sep-12

1130-1145

0.25

Hole U0070A

Recover VIT.

18-Sep-12

1145-1415

2.50

Hole U0070A

Wash and ream hole to TD at 193.8 mbsf (797.3 mbrf).

18-Sep-12

1415-2400

9.75

Hole U0070A

RCB coring. Cut and recover Cores 24R though 27R to 226.3
mbsf (829.8 mbrf). Cutting Core 28R at a depth of 231.5
mbsf (835.0 mbrf).

19-Sep-12

0000-0500

5.00

Hole U0070A

RCB coring. Cut and recover Cores 28R though 30R to 251.1
mbsf (854.6 mbrf). Iceberg approaching drill site.

19-Sep-12

0500-0600

1.00

Hole U0070A

POOH with top drive to 52.5 mbsf (656.0 mbrf).

19-Sep-12

0600-0730

1.50

Hole U0070A

WOI.

19-Sep-12

0730-0900

1.50

Hole U0070A

Wash and ream to TD at 251.1 mbsf (854.6 mbrf).

Underway in DP mode for Site U0070.
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Date

Time (hrs)

Hours

Location

Activity

19-Sep-12

0900-1200

3.00

Hole U0070A

RCB coring. Cut and recover Cores 31R and 32R to 264.7
mbsf (868.2 mbrf). Cutting Core 33R at a depth of 273.5
mbsf (877.0 mbrf).

19-Sep-12

1200-2230

10.50

Hole U0070A

RCB coring. Cut and recover Cores 33R though 36R to 303.1
mbsf (906.6 mbrf). Iceberg approaching drill site.

19-Sep-12

2230-2400

1.50

Hole U0070A

POOH to 553.5 mbrf. Bit clear of seafloor at 2350 hrs.

20-Sep-12

0000-0015

0.25

Hole U0070A

Continue to POOH with top drive to 493.0 mbrf.

20-Sep-12

0015-0730

7.25

Hole U0070A

WOI.

20-Sep-12

0730-0745

0.25

Hole U0070A

Deploy VIT.

20-Sep-12

0745-0845

1.00

Hole U0070A

Lower drill string to 598.0 mbrf and space out drill string
for reentry.

20-Sep-12

0845-0900

0.25

Hole U0070A

Maneuver ship for reentry. Reenter Hole U0070A at 0854
hrs.

20-Sep-12

0900-0915

0.25

Hole U0070A

Recover VIT.

20-Sep-12

0915-1130

2.25

Hole U0070A

Wash/ream to TD at 303.1 mbsf (906.6 mbrf).

20-Sep-12

1130-1200

0.50

Hole U0070A

Sweep hole with 30 bbls of high-viscosity mud.

20-Sep-12

1200-1245

0.75

Hole U0070A

RIH with shifting tool and release bit at 1215 hrs at depth of
291.5 mbsf (895.0 mbrf).

20-Sep-12

1245-1415

1.50

Hole U0070A

POOH to 186.5 mbsf (790.0 mbrf). Set back top drive.
Resume POOH to logging depth at 33.5 mbsf (637.0 mbrf).

20-Sep-12

1415-2030

6.25

Hole U0070A

Rig-up for wireline logging and RIH with triple combo tool
suite. Tools reached to ~43 m off bottom. Log up and POOH
with 1st tool suite. Layout tools. Rig-up FMS tool suite.

20-Sep-12

2030-2400

3.50

Hole U0070A

RIH with FMS tool suite. Log up and POOH with 2nd tool
suite. Rig down from wireline logging.

21-Sep-12

0000-0145

1.75

Hole U0070A

POOH. Clear seafloor at 0010 hrs. Continue to POOH. Layout
OCB components for inspection (top sub, head sub, latch
sleeve, etc.). Recover positioning beacon at 0142 hrs. MBR
clear of rotary table at 0145 hrs.

21-Sep-12

0145-0230

0.75

Hole U0070A

Raise thrusters/hydrophones and secure vessel for transit.
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6.3 Lithostratigraphy
6.3.1 Overview
One hole was cored at Site U0070 to a total depth of 303.1 mbsf using the rotary
core barrel (RCB) system. A total of 189.9 m of core was recovered from the 36 cores
collected, providing an average recovery of 63% (Fig. 6.3-F1). Core U0070A-1R (0.0–8.8
mbsf) contained 0.70 m of soft mud with pebbles, and contained washed gravel in the core
catcher (CC). From 8.80–303.10 mbsf, the stratigraphic section consisted of a consolidated
succession of dark organic-rich claystone/mudstone (shale) and interbedded siltstone,
sandstone, and granules with current generated sedimentary structures.

6.3.2 Lithostratigraphic Units
Two lithostratigraphic units are defined at Site U0070. Lithostratigraphic Unit I is
limited to the Sections U0070A-1R-1 and -CC that contained sandy mud with pebbles and
washed gravel. Lithostratigraphic Unit II represents the majority of the drilled succession
consisting of laminated carbonaceous claystone, muddy sandstone intraclasts, and
siltstone, sandstone, granule beds containing structures ranging from parallel laminated
and cross-laminated to massive bedding.
Based on its character (e.g., low wet bulk density, see section “6.5 Physical
Properties”) and clast content, Lithostratigraphic Unit I is considered a deglacial to
Holocene marine sequence deposited after ice sheet retreat from the northwest Greenland
continental shelf. Unit II forms a thick succession of black-gray carbonaceous shales, with
discrete graded and laminated beds of variable grain size ranging from silt to granule,
suggestive of gravitational mass transport in a slope environment. Possibly, accumulation
took place on the margin of a rift basin, where surface water productivity was high and/or
mid-depth circulation was reduced, favoring an expanded oxygen minimum zone. A few
intervals show features of sand injection through vertical fracture systems. The entire unit
shows regular occurrences of siderite-cemented intervals corresponding to peaks in
magnetic susceptibility (Fig. 6.1-F1, see also section “6.5 Physical Properties”). The age of
Unit II is inferred to be Turonian based primarily on dinocyst assemblages (see section “6.4
Chronostratigraphy”).

6.3.3 Facies Descriptions
Six lithofacies were identified at Site U0070 based on differences in grain size, color,
and sedimentary structures (see “Chapter 2. Methods”, section “2.3 Lithostratigraphy” for a
description of grain sizes and assigned rock names). Micropaleontological results, notably
palynomorph analyses (see section “6.4 Chronostratigraphy”) aided interpretation of a
marine depositional environment. In addition, signatures from the downhole logging and
physical properties were helpful in characterizing the sediment types and facies
associations.
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Fig. 6.3-F1. Hole U0070A lithostratigraphic summary. The figure shows recovery,
summarized lithology, lithostratigraphic units, ages, unit descriptions and downhole
natural gamma ray log for Site U0070A. The upper 35 m of the gamma ray record was
logged through the drill pipe, causing an attenuation of the signal. A spliced record, based
on a visual match, was obtained by multiplying the through-pipe gamma-ray values by 5.
The interval 31–35 mbsf showing extraordinary high values was omitted from the log
shown in the Hole Summary figure.
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Table 6.3-T1. Bulk XRD results from U0070A. Minerals are semi-quantified as abundant (A)
= >30%, common (C) =10-30% (C), few (F) = 3-10%, or rare (R) = <3%. YL = yellow layer.

6.3.3.1 Facies 1 – Mud With Pebbles and Sandy Mud With Laminations
This olive gray to dark gray muddy facies is only identified in the upper 71 cm of
Core U0070A-1R (Fig. 6.3-F2). Clasts (possibly dropstones) in the topmost olive gray mud
interval (0–30 cm) vary from granule to pebble in size. Laminations are observed mainly in
the interval 37-47 cm. No clasts were noticed in the laminated interval but the core section
below contains washed pebbles consisting of gneiss, granite, and one basalt clast.
6.3.3.2 Facies 2 – Carbonaceous Claystone/Mudstone
Black carbonaceous claystone/mudstone (i.e., black shale) with fine laminae
commonly preserved is the most common lithofacies at Site U0070. The black coloration
reflects a TOC content of 2–3 wt% (Table 6.6-T2). In ~70% of the recovered sections the
degree of bioturbation is absent to sparse, while the remaining sections show moderate to
common bioturbation (Figs. 6.3-F3 and -F4). Recognized trace fossils are Planolites,
Anconichus, and Asterosoma. Carbonaceous mudstone mainly occurs as a fine-grained
background lithology separating the more distinctively bedded sediment types; however, it
also forms thin intra-bed layers and lenticular intraclasts and rip-up clasts within muddy
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sandstone units of Lithofacies 3. The style of lamination varies from faintly rhythmic to
more distinct parallel or lenticular laminations of brown to beige silt-size material (Fig. 6.3F5). Often the carbonaceous mudstone is recorded as massive. Thin-section and bulk XRD
analyses from Facies 2 show quartz, mica, K-feldspar, glauconite, and carbonate minerals,
mainly in the form of siderite, as well as biosilica (diatoms and sponge spicules), organic
matter and occasionally pyrite (Tables 6.3-T1 and -T3). The clay analyses indicate the
presence of 10Å minerals (illite and glauconite) and kaolinite with the former being most
abundant (Table 6.3-T2).

Fig. 6.3-F3. Bioturbated horizons in
carbonaceous mudstone Facies 2 from
Section U0070A-15R-5.

Fig. 6.3-F2. Lithofacies 1 from Section
U0070A-1R-1.

Fig. 6.3-F5. Lenticular bedding of beige
carbonate-rich silt within carbonaceous
mudstone from Section U0070A-33R-3.
Interpreted as deposition by dilute
turbidity currents.

Fig. 6.3-F4. Bioturbation (common) of
carbonaceous mudstone Facies 2 showing
traces of planolites from Section U0070A15R-4.
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6.3.3.3 Facies 3 – Gray Muddy Sandstone, Massive With Clay Intraclasts
This facies appears as gray to dark gray, poorly sorted sediment with a rather
massive appearance. It is generally recorded as medium-coarse sand in muddy matrix.
Individual beds typically vary from dm-scale to units of up to a meter, although a 4.8 m
thick interval of muddy sandstone is seen near the base of lithological Unit II. Sheeted or
ellipsoidal intraclasts or rip-up clasts of black mudstone Facies 2 are often observed,
occasionally displaying folded laminations (Fig. 6.3-F6). Bedding contacts are sharp and
indications of basal erosion are uncommon, although in some cases flute casts have been
identified (Fig. 6.3-F7). Occasionally, Facies 3 appears to have been squeezed into younger
strata (Figs. 6.3-F8 and -F9). Moreover, the rare presence of vertical dikes/veins with
oriented grains suggests that Facies 3 was deposited as fluid-rich sediment, subject to postdepositional deformation (Fig. 6.3-F10). Thin-section and XRD analyses show that sand
grains are primarily quartz but with 5-20% of unstable components, such as feldspar, mica
and rock fragments (Fig. 6.3-F11). Pyrite is sparsely present. Framework grains are
randomly oriented with a fabric varying from completely matrix-supported to limited grain
contact.

Fig. 6.3-F7. Close-up image of an elongate
feature interpreted as a flute cast at the
base of a massive muddy sandstone bed
(Section U0070-3R-1, 79 cm).

Fig. 6.3-F8. Massive muddy sandstone
Facies 3 from Section U0070A-32R-4. The
muddy sandstone was apparently
injected into an overlying bed of
laminated silty sandstone.

Fig. 6.3-F6. Muddy sandstone of Facies 3
from Section U0070A-4R-3. Notice
intrabedding of ellipsoidal clasts and
sheets of claystone Facies 2 and the sharp
contacts.
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Table 6.3-T2. Clay XRD results from U0070A. Minerals are semi-quantified as abundant (A)
= >30%, common (C) = 10-30% (C), few (F) = 3-10%, or rare (R) = <3 %.

Fig. 6.3-F10. Detail from the 4.8 m thick
interval of muddy sandstone Facies 3
encountered in the lower part of Unit II
(Section
U0070A-34R-CC).
Notice
alignment of grains in dike feature related
to syn-depositional fluid escape.

Fig. 6.3-F9. Thin bed of muddy sandstone
Facies 3 with clay intraclasts from Section
U0070A-32R-3. Notice the apparent
truncation of curved laminations in the
encasing sediment, suggesting that
muddy sand was post-depositionally
injected.
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6.3.3.4 Facies 4 – Siltstones, Sandstones, and Granules With Graded Bedding
Several types of textures and hydraulic sediment structures characterize this
lithofacies, which varies from dark greenish gray to dark brown (wet surface). Facies 4 is
commonly observed with graded bedding, horizontal laminations, wavy to convolute
lamination and ripple cross-lamination in the silt to fine sand range (Figs. 6.3-F12 and –
F13). Less frequent are trough cross-bedding (Fig. 6.3-F14) and well-developed basal
sand/granule layers (Figs. 6.3-F15, and -F16). Basal bedding contacts are generally sharp
and often shows signs of scouring, while the upper parts of sand layers tend to grade into
carbonaceous mudstone Facies 2. The organization of structures within individual
siltstone/sandstone horizons tends to show an upward-fining sequence with ripple
laminations developed in the upper part, presumably the expression of waning current
energy during a single hydraulic event. Thicknesses of graded siltstone/sandstone intervals
are generally between 5-15 cm, but since contacts are often not preserved due to
biscuiting, bed thicknesses may be underestimated. Various signatures of soft
sediment/fluid deformation are often seen in Facies 4 (Figs. 6.3-F17 and -F18). Thinsection analyses indicate that the light gray layers of laminated sandstone are mainly
quartz, but feldspar, glauconite and detrital siderite grains are also common (Fig. 6.3-F19).
Beds of fine - medium sand beds often display distinct color gradations related to hydraulic
sorting of mineral grains (Fig. 6.3-F20). Thin-sections of the basal sand/granule layer show
recrystallized bioclasts, glauconite, and phosphorite pellets (collophane), pyrite, and
interspersed quartz (Figs. 6.3-F21-F22). Moreover, replaced diatoms are commonly seen in
the laminated intervals (Fig. 6.3-F23). It is noted that the “mudstone” signature on the
summary log (light gray signature, Fig. 6.3-F1) occurring from 220 mbsf and to the base of
Unit II, refers to graded laminated sandy silts interbedded with silty mud, hence this
signature should be considered as part of Facies 4.

Fig. 6.3-F11. Thin-section details from Facies 3 muddy sandstone (Sample U0070-34R-5,
88-90 cm). (a) Plane-polarized light, (b) Cross-polarized light. The image illustrates poorly
sorted texture, random grain orientation, and immature composition of sand grains.

6.3-7

Chapter 6. Site U0070
6.3 Lithostratigraphy

Proceedings of the Baffin Bay
Scientific Coring Program

Fig. 6.3-F12. Convolute lamination in finegrained sandstone grading into wavy and
horizontal silt laminations (Section
U0070A-14R-1).

Fig. 6.3-F13. Convoluted lamination in
cross-bedded sandstone of Facies 4 from
Section U0070A-32R-5. In the lower part
a graded bed pinching-out into black
mudstone appear to have eroded into a
convoluted horizon.

6.3.3.5 Facies 5 – Massive Medium-Coarse Quartz-Rich Sandstone
Lithofacies 5 is only observed in three sections of Unit II including a vertical fracture
zone penetrating into laminated sandstone (Fig. 6.3-F24). It is distinguished from Facies 3
by lack of shale intraclasts, a lower mud content (e.g., grains not matrix supported) and a
higher proportion of sand-size quartz grains. Thin-section analyses of a massive sandstone
interval indicated medium size grains of immature composition with siderite as the main
cement phase (Table 6.3-F3). Porosity, up to 20 %, is mainly seen in the form of matrix
dissolution, oversized pores and honeycombed grains, suggestive of a secondary origin.
6.3.3.6 Facies 6 – Siderite Cementstone
This facies occurs as dense, light gray horizons that are thoroughly cemented with
carbonate, principally siderite (FeCO3), although in one horizon dolomite and
rhodochrocite were identified (Table 6.3-T1). The horizons are typically 3–10 cm thick and
mainly developed within carbonaceous mudstone Facies 2, but also within the graded
sandstone/granule beds of Facies 4 (Fig. 6.3-F25). Due the high frequency of the cemented
horizons and the likelihood that they represent beds of biogenic calcite when originally
deposited (see section 6.3.3.7) they are treated as a separate facies. The cementstone often
appears nodular due to biscuiting caused by drilling. The horizons tend to occur with a
regular spacing of about 1.0-0.5 m throughout lithostratigraphic Unit II. Since each siderite
horizon produces a distinct magnetic susceptibility peak, the frequency of cemented
intervals is revealed by this property (see section 6.5 “Geophysical Properties”). Thin6.3-8
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sections of cemented horizons associated with the graded coarse-grained texture of Facies
4, show a rich abundance of recrystallized bioclasts, organic material and relicts of microburrows, while pyrite is also present (Figs. 6.3-F26).

Fig. 6.3-F14. Trough cross-bedding in fine sandstone interval from Section U0070A-13R-CC.

Fig. 6.3-F15. Facies 4 sandstone horizon from Section U0070A-14R-1. The horizon displays
a more complex development with coarse graded basal layer (granule) over an erosional
contact, and two intervening layers of similar texture. Climbing ripples are seen above 54
cm.

6.3.4 XRD and Thin-Section Results
The mineralogical assemblage in bulk samples from Site U0070 is dominated by
quartz while feldspars, notably K-feldspars, are seen as a secondary terrigenous
component. The two samples taken from Unit I (Core U0070A-R1) show plagioclase,
amphibole and chlorite consistent with an origin related to glacigenic weathering. Most
samples from Unit II contain clay minerals in the form of illite and kaolinite. Orientated
mounts of the <4 micron fraction show that illite is the most abundant clay mineral, apart
from three samples where kaolinite predominates. There is no distinct trend in clay
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mineralogy vs. depth in Unit II. Bulk samples from Unit 2 representing cementstone (Facies
6) are rich in carbonate minerals, predominantly siderite but also dolomite and
rhodochrosite. Opal C/T, identified by double peaks at 4.04 and 4.45 Å that was observed in
samples from Facies 2, 4 and 6, increases in the lower part of lithologic Unit II, from about
235 mbsf. Pyrite is generally present in minor amounts. Apatite is identified in a two
samples, representing coarse intervals dominated by bioclasts and collophane pellets. A
bulk plus clay sample obtained from a conspicuous yellow fine-grained layer in U0070A26R-4 (Fig. 6.3-F27) appears to be smectite, either montmorillonite or possibly a
combination of montmorillonite and sepiolite (air dry peaks at 4.45 Å and 11.95 Å shifting
to 15 Å after glycolation). This may suggest that the horizon represents a bentonite,
although further analyses, such as elemental geochemistry, are necessary to verify this
assertion.

Fig. 6.3-F16. Graded coarse sandstone/granule bed overlain by well-sorted fine sand
displaying horizontal and cross ripple lamination from Section U0070A-33R-2. Beige
intraclasts entrained into base of upper bedform suggests that deposition of the two
horizons may represent different phases of a major hydraulic event. Notice inverse grading
in basal layer.

Fig. 6.3-F17. Features interpreted as fluid
deformation of laminated sandstone
facies embedded in carbonaceous
mudstone from Section U0070A-13R-3.
Notice microfaulting.

Fig. 6.3-F18. Detail showing water escape
features through top of coarse graded
sandstone from Section U0070A-13R-4.
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Results from thin-section results are summarized in Table 6.3-T3. The estimated
porosities range from <1 to 20 %. All coarse-grained samples analyzed were to some extent
carbonate cemented, mainly with siderite.
Table 6.3-T3. Thin-section summary for Site U0070. Quartz: SR = subrounded sands; SA =
subangular sands; A = angular sands.

6.3.5 Facies Interpretations
Facies 1 is interpreted as a deglacial to postglacial glacial-marine deposit based on
its content of pebbles and laminated appearance, as well as its stratigraphic position. A
marine depositional environment is supported by the presence of diatoms in smear-slide
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and paleontology samples. Washed gravel in U0070A-1R-CC may represent the remains of
either glacial-marine (e.g., dropstones) or subglacial deposits that were not recovered. XRD
analyses show an immature mineral suite, including chlorite and hornblende, consistent
with a glacial weathering regime.

Fig. 6.3-F19. Thin-section images from Facies 4 (Sample U0070A-31R-2, 60-69 cm) in
plane-polarized light. (a) Scour feature, (b) muddy laminations in siltstone, (c) siltstone
contact with mudstone beneath. Siltstone is mostly quartz with some glauconite. Mudstone
is clay and organic rich with abundant diatom frustules seen as bright round grains.
The fine-grained texture, preservation of laminae, scarcity of bioturbation, and
presence of organic components of Facies 2, combined with a marine biofauna/flora
assemblage of diatoms and dinoflagellate spores (see section “6.4 Chronostratigraphy”),
indicate a deep marine environment, likely in excess of 800 m water depth, with poor
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ventilation and/or high biomass productivity in the upper water column (Arthur et al.,
1984, Wignall, 1994). The common presence of sub-cm scale graded beds of silt-size
carbonate material, interpreted as low-density turbidity currents, suggests that downslope
processes prevailed, facilitating transport of fine-grained material from the upper slope or
shelf margin into the basin.

Fig. 6.3-F20. Graded bed displaying hydraulic sorting of mineral grains. Green colored
grains are glauconite while brown-beige colored grains are carbonate and collophane
pellets. Notice truncation of lower sand bed by mudstone (Section U0070A-32R-5).
Muddy sandstone with shale intraclasts characteristic of Facies 3 is interpreted as
mass-transported sediments. The transport mechanism was most likely in the form of
debris flows, based on poor sorting and content of sheeted and ellipsoidal rip-up intraclasts
oriented parallel to bedding plane (Middleton and Hampton, 1973). Sub-aqueous debris
flows move downslope by plastic deformation of cohesive sediment where coarse clasts are
supported by matrix strength. The speed at which a debris flow moves over the slope and
its extent into the basin may be enhanced by hydroplaning (Morigh et al., 1998). Debris
flows are generally related to slope failure at the shelf edge or on the upper slope. The
frequency of slide events depends on a number of factors including geometry of the
continental margin (steepness of slope), tectonic setting (seismic activity), sediment fluxes,
cohesiveness of sediments and presence of shallow gas. The immature composition and
texture of Facies 3 (Fig. 6.3-F11) suggests that the transport of the sediment from outcrop
to shelf edge occurred over a limited distance. It is noteworthy that Facies 3 on several
occasions is observed as having been injected into overlying strata. Thus, it is possible that
the muddy sandstone facies in other parts of the succession could have experienced similar
post-depositional emplacement.
The graded and laminated to cross-bedded sandstones/siltstones of Facies 4, often
arranged in upward fining sequences, are interpreted as being mainly the product of
turbidity currents (Kuenen and Migliorini, 1950). Signatures of fining-upward and often
convoluted laminations with fine sandy to silty texture (Fig. 6.3-F12) are considered a
result of suspension fall-out. In contrast, coarse graded sand/granule beds imply
deposition by sustained high-energy traction currents (Middleton and Hampton,1973;
Shanmugam, 2000). The former are often described as a traction carpet produced by a drag
between a rough coarse-grained bed and particles carried in suspension. The sequence of
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Fig. 6.3-F21. Thin section images from bioclastic to intraclastic grainstone (Sample
U0070A-33R-2, 43-45 cm, see Fig. 6.3-F16). (a–c) top-scale bar; (d–e) bottom scale-bar. (a)
Yellow-brown phosphatic grain with diagenetic carbonate and silicified crinoid fragments,
plane-polarized light. (b) Same as (a), cross-polarized light highlights carbonate ingrowth.
(c) Diagenetic carbonate (rhodocrosite?) displaying micritic centers rimmed with elongate
crystals, cross-polarized light. (d) glauconite replaced diatoms, framboidal pyrite, lithic
grains and carbonate cement, plane-polarized light. (e) Shelly fragments (inoceramus
prisms), quartz-rich lithic fragments and phosphatic pellets, cross-polarized light.
current-induced textural variations, e.g. coarse basal sand to horizontal laminations
grading into ripple cross-laminations (Fig. 6.3-F16), could have formed by one hydraulic
event or a series of related events, hence the term turbidite is used for the entire bed (Stow
and Piper, 1984). Since there is no evidence of a coarse-grained channel fill in the
succession, the turbidite sands/silts are possibly related to unconfined density currents
moving over a broad section of the slope. Alternatively, deposition may have occurred on
an interlobe area of a muddy fan system. The turbidity currents could have been triggered
by submarine slope instability (e.g. transformation from debris flow), storm stirring of
shelf sediments, canyon rip currents or turbid riverine waters that plunges below surface
water masses to form density currents, or hyperpycnal plumes (Stow, 1986; Mulder et al.
2003). The high abundance of bioclast (carbonate shell and diatom fragments) associated
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with collophane and glauconite pellets seems to favor a shelf source for the coarse
sand/granule basal layers (Birch, 1980). This environment may also account for the light
brown silty turbidites in Facies 2. Conversely, the well-sorted beds of siltstone-fine
sandstone, which are the most frequently observed textural types of Facies 4, imply the
presence of a nearby source of terrigenous sediments, possible a river or small delta
delivering quartz-rich sediments to the marine environment.

Fig. 6.3-F22. Thin section from graded sandstone (Sample U0070A-32R-5, 133-135 cm, see
Fig. 6.3-F20). (a) Plane-polarize light and (b) Cross-polarized light. The image is of a
glauconitic sandstone that forms base of fining upward silty-sandstone sequence. Green
sand-size glauonite grains (G) form this layer (the brownish grains are slightly oxidized)
along with with some detrital quartz (Q) and feldspar (F), and large phosphatic pellets (Ph),
e.g., collophane, which have an isotropic appearance in cross-polarized light. Diatoms (D)
appear mostly structureless and recrystallized. Carbonate is both seen as crystals (C) and
micritic cement. Pyrite (Py) is present as small framboidal aggregates.
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The sparse presence of Facies 5 and its lack of preserved bedding contacts and
internal features prevent a detailed interpretation in terms of its origin. The immature
composition suggests that it may derive from the same source as Facies 3, and possibly
transferred into the basin by a similar mass transport process.

Fig. 6.3-F23. Thin section images from a laminated sandstone/mudstone interval showing
replaced diatoms and bioclasts (Section U0070A-9R-4). (a) diatom, 50x magnification,
plane-polarized light. (b) diatom, plane-polarized light. (c) echinoid spine, siliceous, planepolarized light. (d) recrystallized bioclasts, plane-polarized light.
The formation of cemented horizons (Lithofacies 6) is related to post-burial
precipitation of Fe-Mg carbonates, primarily siderite. Siderite may form either as an early
diagenetic phase, where it precipitates preferentially under the low-sulphate conditions of
freshwater environments, or it can form during post-burial mesogenesis, i.e. burial depths
>1 km. In marine environments precipitation of siderite is hindered by a preferential
uptake of Fe2+ during formation of pyrite (Curtis and Coleman, 1986), thus the mineral has
been widely applied as an indicator of non-marine conditions. Formation of mesogenetic
siderite cement is limited by the availability of Fe2+ and binding of Ca2+ into other mineral
phases (Bjørlykke, 1983). Another control, which is generally important for authigenic
carbonate formation, concerns the supply of porewater bicarbonate ions. At shallow depths
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bicarbonate can be generated by microbial methanogenesis but as depth of burial increases
the biocarbonate source switches to thermal decarboxylation. Rather than pristine
precipitation, siderite may form by replacing earlier calcite cement (e.g. Schmidt and
McDonald, 1979). The presence of recrystallized bioclasts in mass-transported
sand/granule horizons (Fig. 6.3-F26) suggests that at least some of the siderite
cementation occurred by replacement of calcite. The common presence of framboidal
pyrite in the same horizons implies that siderite must have precipitated at a later stage. The
conditions for siderite formation may have been driven by thermal stages of organic matter
maturation, and progressive dissolution of Fe-rich components, such as biotite and
amphibole, with depth. External sources of carbonate ions may also be considered although
it is difficult to envisage how such porewaters would pass through a tight mudstone
succession.

Fig. 6.3-F24. Feature interpreted as sand injection through laminated sandstone/siltstone
(Facies 4) intersected by microfaults (Section U0070A-13R-6).

6.3.6 Unit Descriptions and Interpretations
Based on the visual core descriptions and sedimentological analyses the sediments
at Site U0070 are divided into two lithostratigraphic units.
6.3.6.1 Unit I
Interval: 344S-U0070A-1R-1, 0 cm, through 2R-1, 0 cm
Depth: 0–8.80 mbsf
Age: Quaternary
Unit I consist of glacial-marine pebbly mud and washed gravel of mainly gneiss. The
sediments contain abundant diatoms. The presence of gravel in the core catcher of Core
U0070A-1R may indicate that the unrecovered part of Core U0070-1R was loose or soft
sub-glacial or glacial-marine sediments washed out during drilling.
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Fig. 6.3-F25. (A, Section U0070A-30R-3) Siderite cemented horizon formed within
carbonaceous mudstone. Notice gradual transition between claystone and cementstone. (B,
Section U0070A-17R-3). Cemented bed of granular bioclast sandstone (grainstone).
6.3.6.2 Unit II
Interval: 344S-U0070A-2R-1, 8.80 cm, through U0070A-36R-CC
Depth: 8.80–303.10 mbsf
Age: Turonian
Unit II consists mainly of carbonaceous mudstone/claystone (black shale) of Facies
2 intercalated with massive muddy sandstone (Facies 3) and graded beds (Facies 4)
showing textures ranging from silt-fine sand to coarse sand and granule. In addition, the
succession is punctuated at 1.0–0.5 m intervals by dense horizons representing carbonate
cemented intervals, mainly consisting of siderite. The sharply delimited beds of massive
muddy sandstone with shale intraclasts are interpreted as debrites formed by downslope
transport of cohesive sediment bodies. Conversely, the graded intervals with distinct
hydraulically produced sedimentary structures, e.g., convoluted laminations, ripple
laminations, flame structures, and cross-trough bedding, are produced by turbidity
currents interacting with the traction of the seabed. The range of texture, structure, and
compositions observed for Facies 4 imply that more than one source was responsible for
generating the downslope mass transfer. The occurrence of bioclasts, glauconite and
phosphorite pellets in coarse-grained sandstone/granule beds suggests that these
sediments originated from a high productivity shelf margin, presumably covered by oxic to
dysoxic sediments. The downslope transfer of shelf deposits may have been initiated by
major storm events, either being the direct effect of high-energy waves oscillating over
shallow banks or triggered by the return flow of storm surge water masses. A continental
shelf source of carbonate-rich sediments may likewise apply for the thin-bedded muddysilty turbidites forming part of Facies 2. The most common type of turbidite sands
identified in Unit II are the light gray graded sandstone, mainly consisting of quartz, with
feldspar and micas as secondary components. This composition implies a terrigenous
sediment source, likely a nearby river or delta system. Thus these sand most likely
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represent the end product of hyperpycnal plumes extending to the shelf edge during major
fluvial discharges. Since it is common for intensive rainfall in riverine catchment areas to
succeed storm surges, it is likely that the coarse to fine textural transition seen in many of
the turbidite beds from Unit II are the product of passing cyclones.

Fig. 6.3-F26. Thin section images from siderite cemented grainstone (Section U0070-17R-3,
see Fig. 6.3-F25B) showing recrystallized bioclasts, e.g., echinoid and shell fragments, and
organic tissue often with visible cellular structures remains. (a) Recrystallized shell
fragment, x-polarized light. (b) Organic material displaying cellular structures, planepolarized light. (c) Replaced shell-fragment with glauconite and small framboidal pyrite
grains surrounded by angular siliciclastic grains, plane-polarized light. (d) Organic
material, plane-polarized light. (e and f) Collophane, glauconite and “ghosts” of biogenic
material, plane-polarized and cross-polarized light, respectively.
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6.3.7 Depositional Environment for Lithostratigraphic Unit II
The facies that form Unit II are consistent with a slope setting, along the margin of a
rift basin with restricted circulation. The reflector geometries seen on the seismic line grid
provided by Shell, suggests that the succession may form part of a prograding shelf or a
submarine fan complex dipping slightly toward south. Despite some of the sand intervals in
Unit II displaying structures related to tractional currents (e.g., trough cross-bedding and
basal granular layers) a distinct channel facies was not identified. Also, the dominance of
laminated mudstone relative to sandstone points to a depositional environment located
distally to any fluvial-deltaic sand-rich source. This may in part be due to rapid basin
subsidence combined with a Turonian global high stand (Miller et al., 2005), which implies
that coastlines had transgressed farther inland since the Albian. The increase in frequency
of Facies 4 sandstone in the middle to upper part of Unit II, from 126-186 mbsf and from
44-80 mbsf may indicate that either the riverine source had moved closer to the site or that
a change in the regional dip occurred, thus enhancing the transfer of sand between source
and basin. The higher occurrence of turbiditic sandstone between 126-186 mbsf is
matched by fluctuating dips in the downhole natural gamma ray log. Nevertheless, the lack
of distinct sand-related log motifs indicates that no major sand intervals are missing from
the recovered sediment succession.

Fig. 6.3-F27. Yellow clay sediment from U0070A-26R-4, possibly bentonite.
The modest organic carbon contents and the signatures of bioturbation noted in
about a third of Unit II suggests that, rather than bottom waters being completely anoxic
like the modern Black Sea, the sediments may have accumulated below an oxygen
minimum zone developed at intermediate depth (Schlanger and Jenkyns, 1976). At Site
U0070 the transport of organic matter by gravitational redeposition was probably more
important than hemipelagic settling. This would have facilitated rapid burial and less time
for organic compounds to experience oxidation. The more frequent occurrence of
bioturbated intervals in the middle to lower part of Unit II (below ~100 mbsf) points to an
increase in oxygen levels at the seabed-water interface, possibly due to enhanced bottom
water circulation or horizontal displacement of the oxygen minimum zone (Wignall, 1994).
The mass-transported bioclasts and the presence of diatomaceous skeletal remains in Unit
II suggest that the nearby shelf margin was a site of high productivity. The increase in
abundance of opal C/T below ~235 mbsf and the more abundant presence of reworked
bioclastics in the lower part of the succession indicates a trend up through Unit II from
higher to lower productivity. This trend, however, is overprinted by the siderite horizons,
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which apparently are related to factors varying over much shorter time scales. The controls
on productivity changes cannot be identified in this preliminary study but may relate to
upwelling cycles, possible linked to tectonic changes allowing opening and closing of
interconnected passages between the Atlantic in the south and the Sverdrup Basin in the
north.
Lithological Unit II may be equivalent to the lower part of the Itilli Formation in
central West Greenland and as such it likely represents active basin formation during
incipient rifting along the western Greenland margin (Whittaker et al, 1997; Dam et al,
2009). This active tectonic phase, presumably associated with basin subsidence between
the main fault boundary toward north and the structural high to the south, is supported by
the abundance of debrite type deposits (Facies 3) that are commonly linked to seismically
triggered submarine landslides. Finally, the carbonaceous mudstone composition and the
age of Unit II may suggest an association with the Cenomanian-Turonian Oceanic Anoxic
Events (OAEs) known from Cretaceous strata drilled on the Atlantic margins (Schlanger
and Jenkyns, 1976; Arthur et al, 1984). Specific OAEs with their very high organic content
were not identified at Site U0070, and placing the black shale succession from Site U0070
into a wider paleoceanographic context would require further analyses.
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6.4 Chronostratigraphy
6.4.1 Introduction
The chronostratigraphy for Site U0070 is constrained biostratigraphically by
planktonic and benthic foraminifera, calcareous nannofossils, diatoms, dinoflagellate cysts,
pollen, and spores. In addition, the natural remanent magnetization (NRM) measured
before and after magnetic cleaning was used to determine the magnetostratigraphic
polarity. Lithostratigraphic Unit I (0‒8.80 mbsf) is Quaternary in age based on a diatom
assemblage that indicates an age <0.305 Ma, as well as the occurrence of the planktonic
foraminifera Neogloboquadrina pachyderma (s), which indicates an age <1.0 Ma, and a
benthic foraminifera assemblage characteristic of high northern latitudes during the
Pleistocene and Holocene. The normal polarity within this interval is assigned to the
Brunhes Chron (C1n; 0‒0.781 Ma). Lithostratigraphic Unit II (8.80‒297.77 mbsf) is
Turonian in age based on the presence of a number of dinoflagellate cysts, including
Cauveridinium membraniphorum, Chatangiella granulifera, Heterosphaeridium deficile, and
Trithyrodinium suspectum, as well as the pollen Rugubivesiculites rugosus and Cranwellia sp.
This is consistent with the observed normal polarity and assignment to the Cretaceous
Long Normal Polarity interval (Superchron C34n).

6.4.2 Biostratigraphy
Samples from Site U0070 were examined for calcareous nannofossils, foraminifera,
diatoms, dinoflagellate cysts, pollen, and spores. Samples were collected from core catchers
of each core, with additional samples taken from split-core sections. The primary results
from all fossil groups are summarized in Figure 6.4-F1. The uppermost ~1 m of Quaternary
glacial sediment contains diatoms, rare planktonic foraminifera, and common benthic
foraminifera. Below the unconformity at 8.80 mbsf, all fossil groups occur within the
Turonian sediments, although calcareous nannofossils and foraminifera are very rare.
Diatoms are consistently present, but generally poorly preserved. Pollen and spores are
also not as abundant at this site, whereas the dinoflagellate assemblage is abundant and
diverse, indicating a marine depositional environment.
6.4.2.1 Calcareous Nannofossils
Forty-four samples from Site U0070 were examined for calcareous nannofossils
(Appendix Table 6.4-AT1). Most samples from Cores U0070A-1R to -18R (0.06‒148.06
mbsf) are barren of calcareous nannofossils; however, Sample U0070A-10R-CC, 19-22 cm
(70.17 mbsf) contains a few nannofossil “ghosts” where the original calcite has been
completely replaced by a non-birefringent mineral (possibly silica). The assemblage
includes the taxa Prediscosphaera (possibly P. columnata) and Biscutum, both Cretaceous
genera.
Below ~150 mbsf, very rare, poorly preserved calcareous nannofossils are found
sporadically from Samples U0070A-19R-CC, 31-34 cm to -33R-CC, 0-2 cm (158.19‒273.56
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mbsf). Most specimens are so poorly preserved that the genus cannot be identified. In fact,
in some cases it is difficult to determine if the remains are nannofossils at all (Appendix
Table 6.4-AT1). The few genera that were identified include Cyclagelosphaera, a longranging taxon that evolved during the Jurassic and survived into the Cenozoic; Eprolithus,
which first evolved in the Aptian and went extinct in the Santonian or Campanian; and
Prediscosphaera, which also first appeared in the Aptian, but survived until the
Cretaceous/Paleogene mass extinction (Burnett, 1998). The questionable presence of P.
columnata, which ranges from the Albian to the Turonian, in Sample U0070A-26R-7, 87-90
cm (215.89 cm) is consistent with the Turonian age based on palynomorphs.

Figure 6.4-F1. Chronostratigraphic summary for Site U0070.
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The two deepest samples (U0070A-35R-CC, 47-50 cm [288.14 mbsf] and -36R-CC,
20-23 cm [297.74 mbsf]) are barren of calcareous nannofossils (Appendix Table 6.4-AT1).
6.4.2.2 Foraminifera
A total of 23 samples were analyzed for foraminifera (Appendix Table 6.4-AT1),
with five samples producing foraminifera: U0070A-1R-1, 20-22 cm (0.20 mbsf), -2R-CC, 1217 cm (11.0 mbsf), -9R-CC, 22-27 cm (59.59 mbsf), -11R-CC, 20-23 cm (78.31 mbsf),
and -24R-CC, 8-12 cm (194.93 mbsf). Sample U0070A-1R-1, 20-22 cm (0.20 mbsf)
produced both benthic and planktonic foraminifera. The single planktonic foraminifera
recovered belongs to the species Neogloboquadrina pachyderma (compact-sinistral [s]), the
most common species in modern high latitude oceans. The first appearance datum (FAD)
for N. pachyderma in the global ocean is Late Miocene, at the beginning of Zone N16;
however, the form present in this sample is the rounded-compact sinistral form that
appeared within the Jaramillo magnetic chron within Zone CM2 at approximately 1 Ma
(Kucera and Kennett, 2012). The benthic foraminifera present are Nonionellina labradorica,
Melonis barleeanum, Cassidulina teretis, and Elphidium excavatum f. clavata, which
commonly occur in Pleistocene and Holocene sediments from the Arctic and Greenland
shelf (Schafer and Cole, 1986; Lloyd, 2006).
The remaining benthic foraminifera occur in samples below the unconformity at
8.80 mbsf. Samples U0070A-2R-CC, 12-17 cm (11.0 mbsf) and -9R-CC, 22-27 cm (59.59
mbsf) contain the agglutinated benthic foraminifera Ammodiscus cretaceus that has a
geologic range of Cretaceous‒Late Eocene (Kaminski and Gradstein, 2005). Samples
U0070A-11R-CC, 20-23 cm (78.31 mbsf) and -24R-CC, 8-12 cm (194.93 mbsf) contain the
agglutinated benthic foraminifera Glomospira serpens with a reported age range of Late
Albian‒Late Eocene (Kaminiski and Gradstein, 2005). The species of Ammodiscus and
Glomospira are noted for their occurrences in slope to abyssal depths and within flysch-like
facies (Kaminski and Gradstein, 2005).
6.4.2.3 Diatoms
Moderately well preserved diatoms occur in Sample U0070A-1R-1, 6 cm (0.06
mbsf); below this, within Lithostratigraphic Unit I (0‒8.80 mbsf) in Samples U0070A-1R-1,
12 cm to -1R-CC, 11-13 cm (0.12‒0.82 mbsf), preservation worsens (in terms of
fragmentation) and abundance drops to trace values (Appendix Table 6.4-AT1). The
assemblage in Sample U0070A-1R-1, 6 cm (0.06 mbsf) comprises typical open marine polar
diatom species Actinocyclus curvatulus, Coscinodiscus spp., Nitzschia spp., Thalassiosira
gravida, and Thalassiothrix longissima along with chrysophyte cysts, fragmented sponge
spicules, and silicoflagellates. An age of late Pleistocene to Holocene, less than 0.305 Ma, is
assigned to this sample based on the presence of the above listed taxa and the absence of
Proboscia curvirostris (last appearance datum [LAD] 0.295‒0.305 Ma) and Thalassiosira
jouseae (LAD 0.295‒0.305 Ma) (Koç et al., 1999).
Samples U0070A-2R-CC, 12-17 cm to -36R-CC, 20-23 cm (11.0‒297.74 mbsf) are
either barren or contain an extremely poorly preserved assemblage. Samples U0070A-4R2, 20 cm to -5R-1, 67-69 cm (27.03‒33.67 mbsf) contain the following tentatively identified
diatom taxa: Chasea bicornis, Costopyxis antiqua, Costopyxis schulzii, Costopyxis sp., Gladius
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sp., Gladiopsis sp., Gladiopsis speciosus, and Paralia spp., along with chrysophyte cysts and
fragmented sponge spicules (Appendix Table 6.4-AT1). An age of Late Cretaceous (late
Cenomanian to late Maastrichtian) may be tentatively assigned to these samples due to the
similarity of the assemblage to that described by Tapia and Harwood (2002) from the
Arctic archipelago and northern continental margin of Canada. It was not possible to assign
the samples to one of the biostratigraphic zones erected by Tapia and Harwood (2002);
however, there appears to be a similarity to “Assemblage 1” of Witkowski et al. (2011),
which they assign a likely age of Albian to the end of the Santonian. The overlap of these
two assemblage zones therefore spans the late Cenomanian to the end of the Santonian,
suggesting a similar age for the samples examined here, although it must be noted that due
to the extremely poor preservation of the material this age assignment should be utilized
with caution. The tentative identification of G. speciosus, Paralia spp., and Costopyxis spp.
indicates an inner neritic paleoenvironment for these samples (Witkowski et al., 2011),
which suggests a considerable amount of transportation to the site of deposition in a
presumed slope setting (see section “6.3 Lithostratigraphy”). This is consistent with the
poor preservation (particularly fragmentation) of the diatoms within this material.
Samples U0070A-2R-CC, 12-17 cm to -3R-1, 125-130 cm (11.00–17.05 mbsf)
and -28R-CC, 0-4 cm to -36R-CC, 20-23 cm (234.68‒297.74 mbsf) contain very poorly
preserved traces of diatoms along with chrysophyte cysts and sponge spicule fragments,
but no identifiable taxa were observed. Samples U0070A-14R-CC, 34-39 cm to -27R-6, 8083 cm (106.49–224.52 mbsf) are barren of diatoms.
6.4.2.4 Dinoflagellate Cysts
A total of 21 samples from Hole U0070A were examined for dinoflagellate cysts and
selected spores, pollen, and algae (Appendix Table 6.4-AT2). The organic matter in Samples
U0070A-3R-1, 125-130 cm through -36R-CC, 20-23 cm (17.05‒297.74 mbsf) is dominated
by aquatic amorphous organic material with a fluffy, clotted, spongy, and granular
appearance, whereas structured, terrestrial material constitutes a minor part.
In addition to the amorphous organic and terrestrial material, a diverse assemblage
of marine dinoflagellate cysts and algae (Figs. 10.4-F2 to -F4), suggesting a Turonian age
(most likely middle to late Turonian), were recorded from 21 samples (Samples U0070A3R-1, 125-130 cm to -36R-CC, 20-23 cm [17.05‒297.74 mbsf]). The variation in abundance
and diversity of dinoflagellate cysts and algae in these cores is likely biased because of
differences in processing and time spent on the samples. In addition, the amount of
amorphous organic material present tends to obscure observation of specimens making
accurate assessment of assemblage composition problematic.
Age and Paleoenvironment
The presence of Cauveridinium membraniphorum, Chatangiella tripartita,
Chatangiella granulifera, Chatangiella verrucosa, Heterosphaeridium difficile, Isabelidinium
magnum, and Trithyrodinium suspectum in most of the studied samples (Figs. 6.4-F2
and -F3), together with the pollen Rugubivesiculites rugosus (Fig. 6.4-F4) in Samples
U0070A-23R-CC, 29-32 cm to -33R-CC, 0-2 cm (191.57‒297.74 mbsf) indicate a middle to
late Turonian age.
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Figure 6.4-F2. Photomicrographs of dinoflagellate cysts from Site U0070. Images A and B
from Sample U0070A-24R-CC, 8-12 cm (194.93 mbsf). Image C from Sample U0070A-21R6, 72-76 cm (177.21 mbsf). Image D from Sample U0070A-14R-CC, 34-39 cm (106.49
mbsf). Image E from Sample U0070A-26R-7, 87-90 cm (215.89 mbsf).
Cauveridinium membraniphorum has its first common occurrence in the upper
Cenomanian organic-rich Plenus Marl, onshore Great Britain (Dodsworth, 2000; Pearce et
al., 2009) and its last common occurrence in the uppermost Turonian (Pearce et al., 2003).
Chatangiella granulifera and H. difficile have FADs at the base of the Turonian according to
Costa and Davey (1992). Williams et al. (2004) suggest a FAD for H. difficile within the
lower Turonian, whereas Bell and Selnes (1997) suggest an early to middle Cenomanian
age for the FAD of H. difficile in offshore Norway. The LAD for H. difficile is either in the
middle Coniacian (Williams et al., 2004) or the lower Santonian (Costa and Davey, 1992).
The presence of I. magnum indicates an age not younger than Coniacian (Costa and Davey,
1992). Rugubivesiculites rugosus has a FAD in the upper Albian, a last common occurrence
in the lower Turonian, and a LAD in the Coniacian.
Heterosphaeridium difficile is common to abundant in most of Hole U0070A
(Appendix Table 6.4-AT2). An H.difficile acme is known to occur in the upper Turonian or
upper Coniacian; however, a Coniacian age for Hole U0070A may be excluded based on the
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absence of Spinidinium echinoideum and the informal taxon “Chatangiella spinosa”. NøhrHansen (1996) recorded the FAD of S. echinoideum from his Coniacian Spinidinium
echinoideum interval onshore West Greenland. The FAD of “C. spinosa” is thought to be in
the mid-Coniacian, with a range of mid-Coniacian to mid-Santonian in the Norwegian Sea
(Martin A. Pearce, personal communication, 2010).

Figure 6.4-F3. Photomicrographs of dinoflagellate cysts from Site U0070. Images A and B
from Sample U0070A-4R-3, 140-145 cm (29.30 mbsf). Image C from Sample U0070A-18RCC, 23-26 cm (148.05 mbsf). Image D from Sample U0070A-21R-6, 72-76 cm (177.21
mbsf). Image E from Sample U0070A-24R-CC, 8-12 cm (194.93 mbsf). Image F from Sample
U0070A-26R-7, 87-90 cm (215.89 mbsf).
The moderately high dinoflagellate cyst diversity (Appendix Table 6.4-AT2) and the
minor amount of terrestrially derived material indicate a marine depositional environment.
A few specimens of the prasinophyte algae genus Tasmanites (Fig. 10.4-F4) occur in six
samples between 78.31 and 205.11 mbsf (Appendix Table 6.4-AT2). This genus, which may
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be associated with high latitude, nutrient-rich marginal marine settings, is common in
many oil-prone source rocks.

Figure 6.4-F4. Photomicrographs of palynomorphs from Site U0070. Image A from Sample
U0070A-11R-CC, 20-23 cm (78.31 mbsf). Image B from Sample U0070A-25R-CC, 37-40 cm
(205.11 mbsf). Image C from Sample U0070A-35R-CC, 47-50 cm (288.14 mbsf). Image D
from Sample U0070A-4R-3, 140-145 cm (29.30 mbsf). Images E and F from Sample
U0070A-18R-CC, 23-26 cm (148.05 mbsf).
6.4.2.5 Pollen and Spores
Thirty-six samples were analyzed for pollen and spores from Hole U0070A
(Appendix Table 6.4-AT3). As this site is more distal than many of the other expedition
sites, pollen and spore abundances are generally lower, reflecting the greater transport
distance prior to deposition. Intervals with higher abundances suggest that pollen was
either particularly abundant at the time of deposition or that it had a better capacity (or
opportunity) for transport via water or wind. Two intervals at Hole U0070A contain
relatively rich pollen and spore assemblages; thus, the hole is divided into three informal
intervals.
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Angiosperm Informal Interval
Samples U0070A-3R-1, 125-130 cm to -4R-3, 140-145 cm (17.05–29.30 mbsf) are
relatively rich in pollen (Appendix Table 6.4-AT3; Fig. 6.4-F5). This interval is characterized
by extremely high diversity, yet no group is dominant. Angiosperm pollen is particularly
diverse in these samples and includes a range of forms from the simple Tricolpates to the
complex and larger Tricolporopollenites; however, only a few Normapolles pollen grains
with thick pores and walls are present. In addition, this interval includes specimens of
Laevigatosporites, a palynomorph of uncertain affinity that is often found in marine
environments and is thought to be a member of an algal group.

Figure 6.4-F5. Photomicrographs of pollen and spores from the Angiosperm interval of Site
U0070. All images from Sample U0070A-3R-1, 125-130 cm (17.05 mbsf). Images G‒L show
affinities to the Aquilapollenites group.
Cranwellia sp., a biostratigraphically important trilete spore with a distinctive
appearance (Fig. 6.4-F5), occurs within this interval. This taxon first appears during the
late Turonian (Li et al., 2010), which is consistent with the ages based on dinoflagellates,
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calcareous nannofossils, foraminifera, and diatoms. Cranwellia is typically found with
members of Aquilapollenites, which have a very short duration within the Cretaceous;
however, only a few fragments questionably referred to this group are found in Hole
U0070A (Fig. 6.4-F5G to –F5L). Other spores typical of the Cretaceous, including Cyathidites
and Gleicheniidites, also occur in this interval. In addition, Triatriopollenites, Complexiopolis,
and aff. Proteacides, as well as the pollen Ulmoideipites and Ulmopollenites (Fig. 6.4-F5),
correspond to a more advanced assemblage than that found deeper in the hole that is
characteristic of vegetation from the late Turonian to Santonian interval.
Barren Interval
Samples U0070A-5R-1, 67-69 cm to -21R-6, 72-76 cm (33.67–177.21 mbsf) contain
a rich assemblage of dinoflagellate cysts, but are barren of pollen with only a few
mineralized, reworked bryophyte spores.
Mixed Pollen Interval
Samples U0070A-24R-CC, 8-12 cm to -36R-CC, 20-23 cm (194.93–297.74 mbsf)
contain pollen and spore assemblages similar to those from the Angiosperm interval, but
with more primitive angiosperm pollen and no exotic spores that may be related to
Aquilapollenites (Appendix Table 6.4-AT3; Fig. 6.4-F6). Primitive angiosperms include
Tricolpopollenites, Tricolpites, Clavatipollenites, Liliacidites, and Tresectoris cf. reticulatus.
This interval also contains more Normapolles pollen, including Extratriporopollenites,
Triporopollenites, Tetraporites, Alnipollenites, and Momipites. In addition, Cretaceous
bisaccate pollen occurs in trace numbers. Spores are significantly less diverse within this
interval than in the Angiosperm interval.
Age and Paleoenvironment
The pollen assemblage from the Mixed Pollen interval is characteristic of the
Turonian, whereas the very rich and diverse angiosperms in the Angiosperm interval
(including the presence of Ulmoidepitis and Ulmopollenites) are more characteristic of
vegetation associated with the latest Turonian to Santonian. The sporadic presence of
Complexiopollis and other trilete spores and absence of Aquilapollenites may be due to the
distal nature of the site rather than of biostratigraphic significance.
The hinterland was likely still dominated by a coniferous forest with ferns at this
time; however, the abundance and diversity of angiosperms within the samples from Hole
U0070A indicate that angiosperms were already well established within the region by the
end of the Turonian.

6.4.3 Paleomagnetism
The investigation of magnetic properties from the 36 cores collected at Site U0070
included the measurement of bulk susceptibility of whole-core and split-core sections and
the natural remanent magnetization (NRM) of archive-half sections (Appendix Table 6.4AT4). Alternating field (AF) demagnetization at 10 and 20 mT was conducted on all cores at
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5-cm resolution. Stepwise AF demagnetization on 30 discrete samples was performed at
successive peak fields of 0, 5, 10, 15, 20, 25, 30, 35, 40, 50, and 60 mT to verify the
reliability of the split-core measurements (Appendix Table 6.4-AT5). Seven samples
yielded excellent fits with principal component analysis (PCA; Kirschvink, 1980), having a
maximum angular deviation of <5°, 13 samples with an acceptable <10°, and nine with fits
between 10° and 25°. The location of the discrete samples taken at Hole U0070A is
indicated in the inclination and declination panels of Figure 6.4-F7. We cleaned the splitcore data extracted from the LIMS database by removing all measurements from within 5
cm of the section ends. Although the rotary cores are fractured to varying degrees by the
drilling process, there were no specific intervals that needed to be removed from the
measurements because they might have caused problems with the magnetic
measurements.

Figure 6.4-F6. Photomicrographs of pollen and spores from the Mixed Pollen interval of
Site U0070. Images A, C, F, G, and H from Sample U0070A-25R-CC, 37-40 cm (205.11 mbsf).
Image B from Sample U0070A-36R-CC, 20-23 cm (297.74 mbsf). Image D from Sample
U0070A-35R-CC, 47-50 cm (288.14 mbsf). Image E from Sample U0070A-29R-CC, 32-35 cm
(241.97 mbsf).
6.4.3.1 Natural Remanent Magnetization and Magnetic Susceptibility
The intensity of NRM after 20-mT demagnetization ranges from ~10-5 to ~10-1 A/m,
with a mean of 4.3 × 10-3 A/m before and 5.3 × 10-3 A/m after AF demagnetization (Fig. 6.4F7). Within the diamict of Lithostratigraphic Unit I (<8.80 mbsf), the intensity is on the
order of 10-2 A/m (mean = 3.1 × 10-2 A/m). In the carbonaceous mudstones of
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Lithostratigraphic Unit II the intensity decreases by one to two orders of magnitude to
~10-3 to ~10-5 A/m (mean = 4.3 × 10-3 A/m).

Figure 6.4-F7. Summary of paleomagnetic data and magnetostratigraphy at Site U0070.
Discrete sample locations are indicated in the declination and inclination columns by red
symbols. The polarity stratigraphic interpretation is given with black intervals
representative of normal polarity and white indicating reversed polarity. NRM intensity,
declinations, and inclinations prior to demagnetization are plotted with blue symbols and
after 20-mT demagnetization with green symbols.
Despite the overall low magnetic intensities in Lithostratigraphic Unit II, a relatively
stable magnetic component, which allows for the determination of magnetic polarity, was
preserved. A magnetic overprint with steep positive inclinations, which was probably
acquired during drilling, was usually erased by the 20-mT demagnetization step. The
demagnetization behavior of six discrete samples that yielded good PCA results is
illustrated in Figure 6.4-F8.
Magnetic susceptibility measurements were made on whole cores as part of the
Whole-Round Multisensor Logger (WRMSL) analysis and on split-core sections using the
Section-Half Multisensor Logger (SHMSL) (see section "6.5 Physical Properties"). Magnetic
susceptibility is consistent between the two instruments (Fig. 6.4-F7) and in general
parallel to the intensity of magnetic remanence. It varies between 2.0 × 10-5 and 1.4 × 10-2
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(SI volume units; Fig. 6.4-F7 first panel; split-core measurements are offset by a factor of
10), with an average of 9.8 × 10-4 (SI volume units) in the diamict and 1.3 × 10-4 in the
underlying Cretaceous mudstones and shales.

Figure 6.4-F8. Demagnetization results for four discrete samples. For each sample, the plot
to the left shows the vector end points of paleomagnetic directions on vector
demagnetization diagrams or modified Zijderveld plots (red squares are inclinations and
blue circles declinations), and the plot to the right shows the intensity variation with
progressive demagnetization. Those data outlined in black were used to compute mean
directions from principal component analysis.
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6.4.3.2 Magnetostratigraphy
Only magnetic inclinations were used for the magnetostratigraphic interpretation at
this site. The geomagnetic field at the latitude of Site U0070 (75.706°) has an expected
inclination of 82.74°, assuming a geocentric axial dipole field model, which is sufficiently
steep to determine magnetic polarity in RCB cores that lack horizontal orientation.
Despite the low recovery above the unconformity at 8.80 mbsf, magnetic
inclinations of split-core and discrete samples indicate that only the Brunhes Chron (C1n;
0‒0.781 Ma) is recorded. This is constrained by foraminifera and a diatom assemblage that
indicates an age <0.305 Ma. The long normal polarity interval between the unconformity at
8.80 mbsf (Fig. 6.4-F7) is constrained by palynomorphs to the Turonian and assigned to
Superchron C34n (83.64–125.93 Ma). A short reversed polarity interval between 183.9 and
184.3 mbsf is tentatively interpreted as a brief geomagnetic excursion in the Turonian.
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6.5 Physical Properties
6.5.1 Overview
Physical properties were measured on the 36 cores recovered and on 96 discrete
samples from Site U0070. The measurements span Lithostratigraphic Unit I (Quaternary
sediment; 0–8.80 mbsf), which consists of a soft, uncompacted mud (bulk density 1.55
g/cm3) with sparse diatoms, representing post-glacial open water deposition and
Lithostratigraphic Unit II (8.80–303.10 mbsf), which consists of Cretaceous carbonaceous
mudstones and sandstones (Fig. 6.5-F1).
There are no systematic trends with depth at Site U0070; however, a broad threefold subdivision can be made based on grain density and natural gamma radiation, which
reflects changing biogenic opal-A and opal-CT content downhole. Lower grain densities
(<2.55 g/cm3) and low natural gamma radiation indicate the presence of low (<15%) and
moderate (<40%) amounts of biogenic opal between 8.80–100 mbsf and 190–303 mbsf,
respectively, with a barren interval from 100–190 mbsf.
At higher resolution, meter-thick mudstone layers are interbedded with centimeter
to decimeter-thick siltstone/sandstone beds, which are often siderite cemented. The
siderite cement results in high density and magnetic susceptibility spikes. Low natural
gamma radiation values reflect the coarser grain size and reduced concentration of Kbearing clay in these beds. The rate at which siderite-cemented beds occur, as defined by
magnetic susceptibility values of 1.7 × 10-4 SI, and by proxy siltstone/sandstone beds,
increases with depth from ~1/m in Core U0070A-17R to ~1.8/m in Core U0070A-33R.
Comparison with wireline logging data shows close correspondence between our
laboratory measurements of bulk density and porosity and in situ measurements.
Carbonaceous mudstone P-wave velocities in the vertical (z) direction average 2400 m/s
and are slightly higher than P-wave velocities measured in situ (average velocity 2330 m/s)
with the wireline sonic tool (see section “6.7 Downhole Measurements”).

6.5.2 Measurements and Data Analysis
6.5.2.1 Whole-Round Measurements
Measurements with the Whole-Round Multisensor Logger (WRMSL) were obtained
at 2.5 cm intervals for gamma ray attenuation (GRA) wet bulk density, and magnetic
susceptibility (Fig. 6.5-F1; Appendix Table 6.5-AT1). Natural gamma radiation (NGR) was
measured at 10 cm intervals in the same sections. To improve the quality of the record we
cleaned the data of spurious points caused by voids and cracks and corrected for the
smaller diameter of the RCB core relative to the core liner (see section 2.5 “Physical
Properties”). The mean GRA bulk density value is 1.46 ± 0.09 g/cm3 for Lithostratigraphic
Unit I, and 2.23 ± 0.16 g/cm3 for Lithostratigraphic Unit II. The NGR counts per second for
Unit I (41 ± 12) are slightly lower than the values for Unit II (61 ± 12). The mean magnetic
susceptibility of Unit I is 9.44 × 10-4, slightly higher than the mean of Lithostratigraphic
Unit II (1.10 × 10-4). The value for Unit I is considerably lower than found in Quaternary
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sediments at other Expedition 334S sites, most likely because of the lack of large, high
susceptibility granitic and metamorphic clasts in the post-glacial muddy sediment that was
the only Quaternary material measured at this site.

Figure 6.5-F1A. Downcore physical properties measurements. Downcore measurements of
bulk density (GRA = data from Whole-Round Multisensor Logger, MAD = moisture and
density discrete samples, and, logging data), grain density, P-wave velocity (discrete
measurements = Vp(x), Vp(y), Vp(z) and sonic wireline-logging data), and porosity (MAD
and wireline logging estimation based on bulk density).
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Figure 6.5-F1B. Downcore physical properties measurements. Downcore measurements of
magnetic susceptibility, natural gamma radiation, and color parameters L*a*b*. Grain
density values typical of common aluminosilicate minerals and calcite are shaded green.
Opal-A and opal-CT ranges are indicated in the shaded yellow area. Values associated with
increasing siderite cement are shaded orange.
6.5.2.2 Split-core Color Spectroscopy
Color reflectance was measured at a resolution of 2.5 cm (Appendix Table 6.5-AT2).
The L* values for Unit I were higher (38.56 ± 9.29) than for Unit II (26.45 ± 7.24). The
CIELAB parameters a* and b* show a marked anti-phased cyclicity at ~1 cycle/60 m (Fig.
6.5-1b). These long wavelength (~60 m) cycles of a* and b* do not relate to lithological
variation as recorded in the visual core description. We have investigated several possible
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causes and concluded they are instrumental artifacts. We attribute at least part of the
signal to a problem associated with the calibration of the instrument. Probably the larger
portion of the signal is related to changes in ambient light in the lab (e.g., night versus day
measurements) or to sea state, which affects the way the sensor sits on the core surface
when measuring.
Table 6.5-T1. Summary of physical properties for major lithofacies.

6.5.2.3 Discrete Sample P-wave Velocity
No discrete P-wave measurements were collected from Lithostratigraphic Unit I
because the only lithified material recovered from this interval are washed gravel clasts.
Discrete samples from Lithostratigraphic Unit II (96 cubes of 8 cm3 volume) were used for
velocity and for moisture and density (MAD) measurements (Table 6.5-T1). Site U0070 was
drilled at three different times over a 27-day period (see section “6.2 Operations”). For
Cores U0070A-2R to -22R, P-wave measurements were made right after the cores were
split. Subsequently we recognized the problems caused by gas-charged sediment microfracturing along bedding planes at room temperatures and pressure (see section “10.5
Physical Properties”). These became evident deeper in the hole and P-wave velocity on
Cores U0070A-23R to -36R was measured twice per axis, per sample (after splitting and
again after 24 hours of degassing and seawater saturation inside a vacuum chamber).
Where available we have used velocities from degassed samples only in this report. None of
these velocity measurements have been corrected to in situ temperature and pressure
conditions.
The mean velocity in the vertical (z) and horizontal directions (x, y) for the
uncemented claystones and mudstones at Site U0070 is 2400 m/s and 2720 m/s,
respectively. Cemented mudstone horizons have much higher velocities, up to 4590 m/s,
consistent with their low porosity. Almost all siltstone and sandstone beds have some
degree of cementation, consequently the average velocity for these lithologies is somewhat
higher (Vp(z) 3300 m/s) with a reduced anisotropy (Vp(x, y) 3500 m/s). However, siltstone
and sandstone represent only a minor fraction (~10%) of the recovered sediment and
occur in thin (cm-dm) beds so these high velocities will have little influence on two-way
travel time. In this case, our laboratory measured Vp(z) for uncemented mudstone of
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2400 m/s compares reasonably well with the in situ wireline sonic tool average P-wave
velocity of 2330 m/s.
6.5.2.4 Moisture and Density Measurements
Gravimetric and volumetric determinations of MAD were made on the 96 discrete
samples used for velocity measurements. These samples were indurated enough to be
saturated with seawater under vacuum. One additional sample was collected from soft
sediment of Core U0070A-1R using a syringe and wet mass was measured immediately
following sampling. Wet mass, dry mass, and dry volume were measured, and from these
measurements, percentage water weight, porosity, dry density, bulk density, and grain
density were calculated (Table 6.5-T1; Appendix Table 6.5-AT4).
Similar to Site U0061 (see section “10.5 Physical Properties”), low (<2.55 g/cm3)
grain densities within Lithostratigraphic Unit II are caused by the presence of biogenic
opal-A and opal-CT as observed in thin section and XRD traces (Fig. 6.5-F2; see section “6.3
Lithostratigraphy”). The influence of low-density carbon can be discounted at this site
because of the low (<2%) total organic carbon content throughout this hole (see section
“6.6 Geochemistry”). We have estimated the concentration of biogenic silica assuming grain
density at Site U0070 comprises only (a) biogenic opal with a density of 2.0 g/cm3 and (b)
aluminosilicate minerals with a density of 2.7 g/cm3. This is probably a minimum estimate,
because grain density may also be influenced by the presence of additional higher density
cements that are not accounted for in this calculation. Based on these estimates, in the
lower part of the hole the biogenic opal accounts for about 11% on average but up to 40%
of the mineral matter in the lowest grain density sample, whereas its presence in the upper
part of the hole is reduced to ≤10%.

Figure 6.5-F2. Thin section micrographs of biogenic silica. Thin section micrograph images
from Sample U0070A-31R-2, 66-69 cm showing biogenic silica (opal-A) and recrystallized
biogenic silica (opal-CT) that cause low grain densities at this site.
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Porosity for mudstone lithologies (claystone, mudstone) is relatively high (27% ±
5%) but is notably lower for silt and sandstone lithologies (18% ± 7%). Thin section
examination (see section “6.3 Lithostratigraphy”) and the generally higher grain densities
for silt and sandstones show that the difference in porosity is primarily caused by the
preferential cementation of these lithologies. Downhole measurements of porosity
(calculated from bulk density assuming a grain density of 2.71 g/cm3) average 29%,
reflecting the dominance of mudstone in this hole (see section “6.7 Downhole
Measurements”).

6.5.3 Downhole Trends in Physical Properties
6.5.3.1 Lithostratigraphic Unit I
The low bulk density (~1.55 g/cm3) and high porosity (~75%) of sediment in Core
U0070A-1R is typical of uncompacted, post-Last Glacial Maximum (LGM) mud. More
consolidated sediment of LGM age or older was not recovered at this site (e.g. Sites U0110
and U0061).
6.5.3.2 Lithostratigraphic Unit II
Physical properties data do not show any systematic trends with depth, however,
variability within this unit is apparent on a number of scales. Subtle but distinct variations
in grain density suggest two phases of biogenic opal occur based on the amount of lowdensity (2.0 g/cm3) biogenic opal-A and opal-CT present, separated by a barren interval.
From 8.80 to 102 mbsf grain densities below 2.65 g/cm3 are common, suggesting a minor
(≤10%) contribution of opal throughout this interval. From 102 to 190 mbsf no grain
densities less than 2.65 g/cm3 were measured, suggesting opal occurs in very low
abundance or is entirely absent as supported by smear slide analysis (see section “6.3
Lithostratigraphy”). From 190 mbsf to the base of the hole, grain densities as low as 2.4
g/cm3 occur, indicating up to 40% of the sediment is composed of opal. This tripartite
division is also apparent in the natural gamma radiation data. At this site, NGR counts most
likely reflect a combination of dilution of radioactive minerals with non-radioactive opal
and a reduced concentration of potassium-bearing clay minerals with increasing grain size.
This is particularly evident in the systematic decrease in counts from ~200 to 240 mbsf
and sustained low count rate thereafter. The physical properties indicating the presence of
opal-A and opal-CT are also in agreement with part of the diatoms record (see Appendix
Table 6.4-AT1). However, this record indicates the presence of poorly preserved diatoms
also on Cores U0070A-16R to -19R, where the physical properties show average values for
common aluminosilicates. The difference between both records is probably due to the
presence of cement that increases the grain density of the samples compensating for the
lighter values of the biosilica.
The color parameters a* and b* show a striking cyclicity with a wavelength of
~60 m; however, as noted above (see section “6.5.2.2 Split-core Color Spectroscopy”), this
is an artifact.
Higher order variability is apparent in the occurrence of cm- to dm-thick silt and
fine sandstones that are interbedded with meter-thick mudstones throughout the hole (see
section “6.3 Lithostratigraphy”). These beds are commonly (but not always) siderite
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cemented, resulting in pronounced increases in density, P-wave velocity, and magnetic
susceptibility above background. Uncemented silt/sandtone beds may be distinguished by
their lighter color and reduced NGR counts relative to the surrounding mudstone (Fig. 6.5F3). To the extent that magnetic susceptibility can be used to identify siltstone layers, they
occur more frequently but with a noisier and less intense signal at the base of the hole,
from ~1/m in Core U0070A-17R (Fig. 6.5-F3) to nearly twice as frequent (~1.8/m) in Core
U0070A-33R.

Figure 6.5-F3. Meter-scale physical properties and cemented siltstone layers for Core
U0070A-17R. Detailed view of cemented sandy siltstone layers highlighting the association
between magnetic susceptibility, bulk density, and NGR “spikes” and the presence of
siderite cement within these coarser-grained beds.
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6.5.4 Two-way Travel Time (TWT) from P-wave Velocity
We calculated the vertical travel time in the hole based on discrete P-wave velocities
measured (Fig. 6.5-F4). These values were compared with the pre-drilling estimate of
2700 m/s and the wireline logging measurements (see section “6.7 Downhole
Measurements”). Our discrete sample time vs. depth calculation is based on the vertical (zaxis) discrete sample measurements from non-cemented samples only. The wireline sonic
tool did not record any data shallower than 31 mbsf; therefore, we have assigned the TWT
time from our discrete measurements at 32.06 mbsf as the initial value for the wireline
sonic measurements.

Figure 6.5-F4. Cumulative P-wave two-way travel time (TWT) vs. depth. The red, blue, and
black lines demarcate the cumulative velocity profile constructed from discrete P-wave
velocity measurements on non-cemented samples (red), downhole wireline sonic P-wave
(blue) and the pre-drilling velocity estimate of 2700 m/s (black).
As with all velocity measurements made on non-cemented Cretaceous mudstone
samples during this expedition, the average velocity is somewhat slower (2400 m/s) than
the pre-drilling estimate of 2700 m/s, resulting in ~10% shallower depths than predicted
for a given TWT. Similar to Site U0080, our discrete sample measurements are higher than
recorded in situ by the wireline sonic tool (see section “5.5 Physical Properties”). This is
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unusual because the reduction in confining pressure when rocks are brought to the surface
has the effect of opening micro-fractures and consequently reducing P-wave velocity (e.g.,
Brink and Jarrard, 1998). However, most of the difference between the two datasets occurs
for depths shallower than 70 mbsf where recovery was poor. The simplest explanation is
that the absence of unrecovered lower velocity intervals higher in the hole (e.g., Core
U0070A-6R) resulted in overestimation of our velocity profile. If this is generally the case,
our TWT calculations based on uncemented samples probably overestimate the depth of
reflectors within Cretaceous mudstone strata.

6.5.5 Core-Log Correlation
At Site U0070 coring recovered 63% of the drilled hole. Downhole measurements
can potentially fill the unrecovered intervals and provide a continuous record from the
borehole, particularly when the hole is free of obstructions and the diameter is to gauge, as
was the case for Hole U0070A. We show that detailed correlation of high-resolution
downhole measurements (logs) with data collected from the core allow exact core-log
integration even when core recovery is less than ideal. Core-log correlations for the logged
section at Site U0070 were easily obtained by matching the general character of the
anomalies in the data from core measurements to downhole measurements. The only
exception is Core U0070A-1R in the diamict and the cores below Core U0026R (217 mbsf),
which were not logged with the NGR.
NGR data collected with 10-cm resolution and magnetic susceptibility data collected
at 2.5-cm intervals on the WRMSL were used for comparison with the NGR and magnetic
susceptibility from the downhole logging tools to determine depth offsets in the core-log
composite section. On the composite depth scale (expressed here as mcld, meters
composite logging depth), features of the plotted NGR and susceptibility data present in the
core and downhole data sets are aligned so that they occur at approximately the same
depth (Fig. 6.5-F5).
Working from the top of the sedimentary sequence, a constant was added to each
core depth to arrive at a mcld offset for that core that produced an optimum fit of the core
data to log data. This optimum fit is based on visual inspection of the NGR data with the
occasional help of the susceptibility data. Without stretching and squeezing of the cores, it
was not always possible to perfectly align all features of a core with the downhole data. The
susceptibility data alone were not sufficient for correlation purposes and the bottom of the
hole, which was not logged with the NGR, could therefore not be correlated. The top
30 mbsf of Hole U0070A were logged through the drill pipe and only NGR data with
reduced signal strength are available for depth shifting (Fig. 6.5-F5B). The fit of the sparse
core NGR data to log NGR data is, however, quite good through this interval.
The depth offsets that compose the composite depth section are given in Appendix
Table 6.5-AT5. The mcld value of any core interval can be readily calculated by adding the
offset value to the mbsf depth for that specific core. These results thus provide a means for
constructing a complete stratigraphic succession for Hole U0070A and for assessing what
lithologies were recovered versus those that were not.
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Figure 6.5-F5. Core-log correlation for Hole U0070A. (a) Core-log correlation of NGR (green
= core; red = ECGR; see 6.7. “Downhole Measurements” for explanation) and magnetic
susceptibility (green = core; red = downhole logging). (b) Close-up of the normalized NGR
values of the upper 35 mcld, which were logged through the drill pipe. With the exception
of Core U0070A-1R and cores below Core 344S-U0070A-26R all recovered core data could
be correlated to features detected by the wireline logs and assigned a depth on the meters
composite logging depth (mcld) scale. Depth offset values are provided in Appendix Table
6.5-AT5.
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6.6 Geochemistry
Shipboard geochemical studies of cores from Site U0070 included monitoring of
hydrocarbon gases, measuring total carbon, carbonate carbon, total organic carbon, and
total nitrogen contents, and characterizing organic matter by pyrolysis assay. Procedures
are summarized in “Chapter 2. Methods” (see section “2.6 Geochemistry”).

6.6.1 Hydrocarbon Gases
All recovered cores from Hole U0070A were monitored for gaseous hydrocarbons
by the headspace (HS) gas technique. In total 38 samples were measured using the GC-3
system (Table 6.6-T1, Fig. 6.6-F1). Three headspace samples were analyzed on the NGA.
Data reported are in parts per million by volume (ppmv). Due to poor recovery, no sample
could be taken from Core U0070A-10R.

Figure-6.6-F1. Hydrocarbon gases from Hole U0070A. Concentrations of methane (in
ppmv) for Hole U0070A versus depth (meters below seafloor). Higher hydrocarbons were
absent in Hole U0070. Black bars on the left indicate recovery for each core.
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Table 6.6-T1. Headspace gas concentrations from Site U0070 measured using GC3.
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Methane concentration increased rapidly between from Core U0070A-2R (9.3 mbsf)
and -3R (17.0 mbsf), possibly indicating the presence of a sulfate-methane transition zone
at about 10―12 mbsf. Ethane is measurable from the first sample with elevated methane in
Core U0070A-3R. The gas content at Site U0070 is lower than at other sites cored on
Expedition 344S (excluding Sites U0080 and U0047 where there was little gas content
above background). Only two samples in Hole U0070A exceeded HS methane contents of
100,000 ppmv. The average of all samples was 42,483 ppmv, but the upper part of the
cored sediments from 17 to 190 mbsf contain significantly less gas (average of 25,747
ppmv) than the deeper sediments from 194 to 297 mbsf (average of 67,029 ppmv). This
difference does correspond to a break in coring at Site U0070, with the upper part (Cores
1R–22R) being cored during the 24–27 August 2012 and the lower part being cored 10–19
September 2012. It is unlikely that this time difference would cause any difference in gas
content, as the GC3 calibration was the same. There is no trend with depth in the C1/C2
ratios that are always above 1,000, suggesting a biological origin for the methane.

Figure-6.6-F2. Total Organic carbon and CaCO3 from Hole U0070A. Total organic carbon
content (wt%, black line) and calcium carbonate content (wt%, blue line) for a selected
number of samples at Hole U0070A. Black bars on the left indicate recovery for each core.
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6.6.2 Carbon and Nitrogen Analyses
Inorganic carbon (IC), total carbon (TC), total organic carbon by difference
(TOCCHNS), and total nitrogen (TN) were analyzed in 78 sediment samples from Hole 0070A
over depths ranging from 0.66 to 296.5 mbsf (Table 6.6-T2, Figs. 6.6-F2 and -F3). In Hole
U0070A, carbonate content is quite variable with values typically below 10 wt%, but
occasionally as high as 55 wt% CaCO3. Background organic carbon content is also variable
and somewhat lower (~2.5 wt%) than samples from previous sites. Interestingly, the trend
with depth is the reverse of that observed for headspace gas, with the upper part of the
cored sequence (0.14 to 190.74 mbsf) having higher average organic carbon content (2.23
wt%) than the lower (194.3 to 296.5 mbsf) part (1.70 wt%). This offset could be partly
explained by higher core recovery in the lower part of Hole U0700A that led to an increase
in sampling frequency. However, the higher TOC averages were measured in August 2012,
while the slightly lower TOC averages were measured some three weeks later in September
2012. Within this period, several components of the coulometer, used to measure the
carbonate content, were changed. As the offset in average TOC between the upper and
lower part of U0070A is small (~1 wt%), it could be caused by the different analyses times.

Figure-6.6-F3. Total Organic carbon and C/N ratios from Hole U0070A. Total organic
carbon content (wt%, black line) and C/N ratios (green line) for a selected number of
samples at Hole U0070A. Black bars on the left indicate recovery for each core. C/N ratios
around six are typical for marine algae, while C/N ratios greater than 15 are typical for
higher land plants (Stein et al., 1989).
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Table 6.6-T2. Carbon and elemental analyses from Site U0070. (continued on next page).
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Table 6.6-T2. Carbon and elemental analyses from Site U0070. (continued).

This is supported by the observation that a change to lower average TOCCHNS values below
180 mbsf is not recorded in the TOC values from the SRA (Table 6.6-T3). TOCSRA values are
actually slightly higher after 180 mbsf, opposite to the trend in TOCCHNS values obtained by
the difference in total carbon and carbonate and in agreement with the higher gas
concentrations in the lower part of U0070A. Therefore it seems likely that the shift in
average TOCCHNS values at 180 mbsf in Hole U0070A is artificial and related to the
difference in analyses time.
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The C/N ratio is also lower, C/N ranges from 3 to 7 (see Fig. 6.6-F3), possibly
indicating a dominant marine algae origin for the organic matter. This observation also
reflects the lack of organic-rich black shales, which typically have high C/N ratios.

6.6.3 Organic Matter Pyrolysis
A total of 51 samples from Hole U0070A with somewhat higher organic carbon
content were characterized by SRA pyrolysis (Table 6.6-T3; Fig. 6.6-F4). There is poor
correlation (R2 = 0.1) between organic carbon content obtained using SRA pyrolysis and
the results of the carbon and elemental analyses (Fig. 6.6-F5). TOC obtained by the
difference between total and carbonate carbon is on average higher than the TOC estimate
from the SRA. The general offset between the two methods to determine total organic
carbon is believed due to low carbon measurements by the SRA, based on repeat analyses
of standards. The lack of correlation is likely due to the small range in TOC values in
addition to the artificial shift in TOCCHNS values below 180 mbsf (see discussion in section
6.6.2). Average TOCSRA estimates are 1.2 wt% for the upper earlier cored interval, and 1.7
wt% for the deeper, later cored interval (>180 mbsf).

Figure 6.6-F4. Hydrogen index vs. oxygen index from Hole U0070A. Roman numerals I-III
indicate different types of kerogen.
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Table 6.6-T3. Pyrolysis (SRA) evaluation of organic matter from Site U0070.
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The average Tmax for all samples is 428°C, which correlates with a vitrinite
reflectance of about 0.5% (Peters et al., 2005) and suggests a maximum burial depth of
about 1–1.2 km. The pyrolysis yields (S1+S2) are generally too low (<2mgHC/g) to be
considered petroleum source rocks. Only a few scattered samples near the base of the
cored section are in the marginally adequate source category. The S3 values for samples
with lower TOC and higher carbonate appear to be influenced by some carbonate
decomposition (Katz, 1983). The plot of hydrogen index (HI) vs. oxygen index (OI) (Fig. 6.6F4) shows that most samples plot along the Type I-II evolution path, mainly because of low
OI values.

Figure 5.6-F5. TOCCHNS vs. TOCSRA. Cross plot of organic carbon content obtained from the
carbon and elemental analysis (TOCCHNS) versus that obtained from SRA pyrolysis (TOCSRA)
are shown. Dashed line gives the linear correlation between TOCSRA and TOCCHNS.
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6.7 Downhole Measurements
6.7.1 Overview
Two tool strings were deployed to log Hole U0070A over a period of ~10 hours. The
data collected include gamma ray, density, resistivity, electrical images, velocity, and
magnetic susceptibility. The hole was in good condition down to ~260 mbsf, 40 m off
bottom, allowing acquisition of high-quality logging data to complement the partial core
recovery in Hole U0070A. Formation Microscanner (FMS) images clearly illuminate the
systematic southerly dip of the beds recovered. Magnetic susceptibility and natural gamma
data allow the depth of cored intervals that were misplaced because of partial recovery to
be accurately assigned their true depth position. The interval between 85 and 95 mbsf
suggests a very distinct sequence that was not identified or recovered in the cores. A peak
in the thorium to potassium ratio from the spectral gamma ray log stands over an interval
of high velocity and high resistivity. The Th/K peak suggests an interval rich in Kaolinite or
similar clay minerals. The sequence could result from some weathering or leaching process
that would also have altered the velocity and resistivity of the underlying formation.

6.7.2 Operations
Drilling at Site U0070 was completed to a final TD of 303.1 mbsf on September 20 th.
Logging operations started after the RCB bit was dropped at the bottom of the hole and the
end of the drill string was raised to 31 mbsf. With ice in the area it was anticipated that we
would only have time to complete one logging run so the decision was made to deploy a
modified triple combo toolstring: the APS tool was removed and the DSI added. Downhole
logging operations commenced at 1415 hrs on 20 September 2012 with the rigging up of
the modified Triple Combo-MSS tool string, made of the EDTC (gamma ray), HLDS
(density), DSI (Sonic velocity) HRLA (electrical resistivity) and MSS (magnetic
susceptibility) (See Section “2.7 Downhole Measurements” for acronyms). The tools were
lowered into the hole at 1630 hrs, reaching a depth of 861.5 mbrf (260 mbsf), ~40 m above
the drillers TD, where the toolstring was unable to descend further. Several unsuccessful
attempts to pass the obstruction were made before deciding to log up from this depth. Due
to the presence of ice in the area only a single pass was made, at a speed of 1800 ft/hr. The
tools were back on surface at 1900 hrs and checked, calibrated, and rigged down by 2030
hrs.
After this first deployment the ice situation allowed for a second run. The second
string consisting of the Formation Micro Scanner (FMS), the HNGS, and the EDTC was run
into the hole at 2045 hrs. A downhole log of spectral and total gamma ray was acquired
while running to ~260 mbsf. Electrical images of the borehole wall and additional spectral
gamma ray data were recorded over two full passes between ~260 and 45 mbsf. Logging
operations were complete at 2400 hrs. A detailed timing of all logging operations can be
found in Table 6.7-T1.
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Table 6.7 T1: Timing of logging operations in Hole U0070A.

6.7.3 Data Processing and Quality Assessment
All logs were depth-matched using the gamma ray from the EDTC-B cartridge
recorded during the main pass of the modified Triple Combo as the reference curve. The
gamma ray logs from the other tool string passes were matched to this log through
identification of common features through the logged section. A depth shift to the seafloor
was then applied to all logs, with the seafloor identified from the gamma ray logs. An
inflection in the gamma ray (EDTC and HNGS) associated with the seafloor was observed at
603 meters below rig floor, 0.5 m shallower than identified by the driller.
Caliper data from both tool strings (from the HLDS and FMS tools) indicate that Hole
U0070A was in-gauge. Hole diameter remains between 10-12 inches (Fig. 6.7-F1) except at
the bottom of the logged interval where the FMS calipers indicate the hole narrowed
significantly. This narrow range in diameter and the overall smooth profile of the borehole
mean that most measurements should be reliable. The differences between the two
orthogonal calipers of the FMS suggest that the hole was elliptical in places, forcing the FMS
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pads to follow mostly the same track and most images to overlap between the two passes.
The trajectory of the borehole in Fig. 6.7-F1 suggests that the well was deviated to the west,
with an average deviation from the vertical of 2.2°, and a maximum horizontal deviation of
~10 m at the bottom of the interval logged.
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Figure 6.7-F1: Geometry of Hole U0070A derived from calipers and inclinometry data.
Colors represent the measurements of the HLDS caliper. HLDS= Hostile environment LithoDensity Sonde; FMS = Formation MicroScanner.

Figure 6.7-F2: Summary of logs recorded by the Triple Combo tool string in Hole U0070A
and comparison to physical properties measured on the recovered cores. gAPI = American
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Petroleum Institute units; c/s = counts per second; GRA = gamma-ray attenuation density
track core data; MAD = moisture and density core data; R5 = deep resistivity reading of the
HRLA; R3 = medium resistivity reading; RT = true resistivity, modeled from all depths of
investigation; MSS = Magnetic Susceptibility Sonde.
The main logs recorded in Hole U0070A are shown in Figures 6.7-F2, 6.7-F3, and
6.7-F4. The quality of the logs can be assessed by comparison with measurements made on
cores from the same hole. Figure 6.7-F2 shows a comparison between the natural gamma
ray and density logs from the triple combo run with the same measurements made on
cores. The deepest gamma ray readings in this figure (below 215 mbsf) are from the
measurements made during the second run, where the tool string was 30 m shorter. The
different sets of measurements display good agreement where core recovery was sufficient
to allow such comparisons. The main differences are in the depth of many of the features
that can be correlated across datasets that are dependent on the curated depth, which is
affected by incomplete recovery. Porosity was derived from the density log assuming a
grain density of 2.71 g/cm3, the average of the MAD core measurements over the interval
logged. Another porosity estimate was derived from the resistivity log to provide porosity
below the deepest density readings (~35 m above the bottom of the string) and above the
shallowest density readings (~10 m below the bit, where the caliper was closed before
entering the pipe). Archie (1942) established that the formation factor, or the ratio of the
formation resistivity (Rt) to the pore fluid resistivity (Rw), is a direct function of porosity
(): Rt/Rw = a/m. Originally defined for non-shaly sediments, this relationship is still valid
in most marine sediments (Jarrard, 1989). Rw was estimated from Ellis (1987) and
Schlumberger (2009), assuming a temperature gradient of 30°C/km and pore fluid salinity
of 35 ppt. A value of a = 1 was used for the tortuosity coefficient a, to ensure that Rt = Rw at
100% porosity. The value of m = 2.5 was chosen iteratively to provide the best fit with the
MAD core data. The resulting porosity was calculated from the resistivity reading with the
deepest penetration. The porosity estimates from the density and resistivity logs agree well
with the porosity measured on the core (see section “6.5 Physical Properties”), indicating a
fairly uniform porosity between 20% and 30%.
The HRLA resistivity data are generally of very good quality with only limited
separation between the different depths of investigation in the sand-dominated intervals
with lower gamma ray values at the bottom of the hole (Fig. 6.7-F2).
Acoustic velocity was recorded with the monopole and lower dipole transducers set
to standard frequency, whereas the upper dipole was set to a lower frequency, which is
more reliable in slow formations. The clear compressional wave arrivals in the monopole
waveforms and the high coherence in the compressional and shear velocity tracks shown in
Figure 6.7-F4 indicate that the DSI was able to identify the compressional and flexural
waves and measured reliable velocity values. Except for outliers that were measured on
samples from hard layers (sideritic horizons) that get preferentially recovered but are not
representative of most of the formation, the vertical Vp measurements made on core
samples compare well with the logs. In these consolidated sediments, the higher frequency
of the lower dipole transducer produced sharper arrivals and more reliable shear velocity
values than the upper dipole.
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Magnetic susceptibility data agree well between two passes recorded downhole and
uphole. However an offset exists between the two passes, which is due to temperature drift
in the sensor. The data shown in Figure 6.7-F1 were derived from the uphole log by
removing the linear drift with depth associated with the increase in temperature
downhole. As with the other comparable core data sets, magnetic susceptibility data
recorded by the MSS compares well with measurements made on whole round cores where
core recovery is sufficient to allow such comparisons (See “6.5 Physical Properties”).
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Figure 6.7-F3: Total and spectral gamma ray data recorded by the HNGS spectral gamma
ray tool from the Triple Combo tool string. The green area in the first column represents
the contribution of uranium to the total gamma ray counts. HSGR = total gamma ray; HCGR
= gamma ray without uranium; gAPI = American Petroleum Institute units; ppm= parts per
million; Th/K = thorium to potassium ratio.
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Figure 6.7-F4. Sonic logs recorded by the DSI tool string in Hole U0070A. The gamma ray
log recorded on the same run by the EDTC is shown for comparison with the other logs.
Waveforms amplitudes provide a visual assessment of the quality of the waveforms used to
derive velocity. Coherence values are an indication of the reliability of the velocity logs.

6.7.4 Highlights
The main purpose of the logging program was to complement coring operations by
providing in situ geophysical characterization of the sedimentary sequences recovered as
well as for those intervals where core recovery was incomplete. The resulting continuous
records of physical properties helps in the identification of lithological variations, missing
contacts, and intervals with changes in physical, chemical, or magnetic properties. The data
can also be used in the construction of synthetic seismograms (see section “6.8 Core-LogSeismic Correlation”) and for correlation with cores to correct the depth of cores with
partial recovery (see section “6.5 Physical Properties”). Preliminary logging observations
and results include:






The high-quality FMS images acquired across the logged section show a range of
textures and features, including contacts and bedding planes that dip consistently to
the south at 10°–20° (Fig. 6.7-F5) and a series of centimeter-scale resistive layers
(Fig. 6.7-F6) that coincide with the multiple sandy intervals (rip-ups, intraclasts, and
cemented sandstones/siltstones), which punctuate the otherwise relatively uniform
lithology (See 6.3 Lithostratigraphy).
Good correlation between the natural gamma ray and magnetic susceptibility data
from the downhole measurements with similar data from measurements along the
cores. As illustrated in Figure 6.7-F7 for the interval from 120 to 150 mbsf, this
correlation provides a means of correction the depths cores where recovery was
incomplete. Additionally, the FMS images from the same interval provide a clear
illustration of the thickness of the layers identified by the susceptibility
measurements.
One of the most striking features in the logging data is the peak in the Th/K ratio
between 85 and 90 mbsf (Fig. 6.7-F3), which is created by both high thorium values
and low potassium. This layer overlies an interval of high velocity and high
resistivity. The Th/K peak and the low photoelectric factor values measured by the
density sonde (not shown) suggest an interval rich in kaolinite or similar clay
minerals (Schlumberger, 2009). The sequence could result from some weathering or
leaching process that would also have altered the velocity and resistivity of the
underlying formation.

6.7.5 References
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Figure 6.7-F5. Structural analysis of the FMS data showing the dip of the beds through the
section. The tail of the ‘tadpoles’ in the depth plot represents the azimuth of the dip. The
hollow ‘tadpoles’ and symbols represent dip values identified with a lower level of
confidence. The green ‘fan plots’ represent summaries of the azimuths over 20-m intervals.

Figure 6.7-F6. FMS images compared with core photographs for the 207-211 mbsf and 226230 mbsf intervals. The bright (resistive) features in the FMS images can be visually
associated with the fine sand-size intervals in the cores.
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Figure 6.7-F7. Comparison of the natural gamma ray and magnetic susceptibility logs with
the same data recorded on the core track between 120 and 150 mbsf. The red lines show
the apparent correlation and the depth adjustments suggested for the core measurements
in this interval with partial core recovery.
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6.8 Core-Log-Seismic Integration
6.8.1 Overview
Based on the acquisition of downhole logging data (section “6.7 Downhole
Measurements”) a seismic-to-well tie was generated for Hole U0070A. A well tie was
created to correlate seismic reflections with Site U0070 lithology, chronostratigraphy, and
physical properties (sections “6.3 Lithostratigraphy”, “6.4 Chronostratigraphy” and “6.5
Physical Properties”).
Overall moderate correlation between the synthetic trace and the seismic reflection
data was achieved. Areas of poor correlations occur in the interval immediately below the
drill pipe between 41 and 90 mbsf. Generally, high-amplitude seismic reflections can be
correlated to changes in lithology. Higher-amplitude reflections present within the seismic
reflection data are attributed to sandier beds, particularly to those that have been altered
by siderite or dolomite cement, and to increases in organic carbon content and/or biogenic
silica.

6.8.2 Methodology
The compressional sonic velocity data and density data extracted by logging Hole
U0070A formed the basis for the creation of a synthetic wavelet (see section “6.7 Downhole
Measurements”). No vertical shot points were collected. An acoustic impedance (Ρ) profile
was derived from the unedited compressional sonic velocity and the bulk density log data
by multiplying the two logs together (Fig. 6.8-F1 panels B-D). The acoustic impedance data
was then used to generate a reflectivity series.
The reflectivity series is convolved with a seismic wavelet to produce a synthetic
seismogram that can be compared with the traces of the seismic data. In this case of zerophase wavelet was used (Fig. 6.8-F1, panels E-G). The resultant frequency of the synthetic
wavelet is compared with the frequency of the seismic data where a good correlation
between the two is sought. The seismic data is zero phase migrated and an increase in
acoustic impedance (soft to hard event) is recorded by a peak, which gives rise to a black
reflection in Figure 6.8-F1. A decrease in acoustic impedance is recorded by a trough, which
gives rise to a red reflection in Figure 6.8-F1.
Peaks and troughs between the seismic and the synthetic are checked for alignment
and any differences between the amplitude of the synthetic and seismic traces are noted.
Improvements in the synthetic seismogram probably could be achieved if the reflectivity
series was convolved with a wavelet that contained the exact seismic signature of the
seismic data. Such a wavelet was not available during the expedition. Comparing and
integrating the synthetic seismogram with the results from core and log data allow a
correlation between the seismic data and described lithologies and rock properties to be
developed.
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6.8.3 Core-log-Seismic Integration
Overall the synthetic seismogram shows moderate agreement with the traces
observed from the seismic data (Fig. 6.8-F1). Areas of poor to moderate agreement occur in
the uppermost (90 mbsf) portion of the seismogram. Beneath 90 mbsf, the correlation
between the generated synthetic and the seismic traces are generally good.
There are a few notable excursions in bulk density, compressional sonic velocity,
and their resulting acoustic impedance contrasts, which correlate well with recorded
changes in physical property measurements (see section “6.5 Physical Properties”) and
observed changes in lithology from the recovered core sections (see section “6.3
Lithostratigraphy”). These excursions give rise to a series of high-amplitude seismic
reflections in the synthetic record that correspond with high-amplitude reflections in the
seismic section panel (Fig. 6.8-F1, panels E and G).
A large negative excursion in density occurs at 90 mbsf where the density decreases
close to 1.6 g/cm3, significantly lower than typical aluminosilicate minerals. This significant
decrease in density causes a corresponding decrease in acoustic impedance that generates
a high-amplitude, negative reflection with a short wavelength. No significant change is
observed in the velocity profile. This decrease in density may represent a significant
increase in organic carbon content; however, no intervals with a high organic carbon were
recovered that could significantly reduce the density to 1.6 g/cm3 (see sections “6.3
Lithostratigraphy”, “6.5 Physical Properties” and “6.6 Geochemistry”). Alternatively, this
interval could be highly enriched in biogenic silica, which could also lower the density (see
section “6.5 Physical Properties”). Opal A and opal CT were detected between 8.80-100
mbsf and 190-303 mbsf. This interval enriched in biogenic silica cannot be discounted and
is the most likely cause of this reflection. Recovery was poor over this interval and so there
are no direct observations of a change in lithology.
This negative excursion in acoustic impedance is immediately followed by positive
excursions in density and velocity generating a large positive excursion in acoustic
impedance at 96 mbsf. The increase in density and velocity is corroborated by
measurements made on discrete samples (see section “6.5 Physical Properties”). This
excursion is caused by the presence of dolomite cement that gives rise to a high density and
velocity and a large positive excursion in acoustic impedance. No increase in grain density
is observed in Core U0070A-13R indicating that the cement is dolomite rather than
siderite, as siderite has a grain density higher than typical aluminosilicate and calcite
minerals (see section “6.5 Physical Properties”). This high-amplitude reflection doublet in
the synthetic record only has a moderate correlation with the seismic record. Modification
of the velocity profile would be required to achieve a better synthetic to seismic match,
which may have been possible had a check shot record been acquired.
Between 140 and 165 mbsf a triplet of high-amplitude, short wavelength reflections
is generated within the synthetic record. The amplitude of the wavelets generated in the
synthetic over this interval are significantly higher than those observed in the seismic
record (Fig. 6.8-F1 panels E and F). The positive reflection generated at ~145 mbsf
corresponds with an increase in silt and sand content, as observed in Core U0070A-18R.
The positive excursion at 164 mbsf created by a spike in the velocity profile is also likely to
be related to a horizon cemented by dolomite. There is no clear cause for this triplet of
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high-amplitude reflections from the recovered lithologies or the physical properties. Again
the synthetic seismogram does not align perfectly with the polarity of the observed seismic
traces.
A quadruplet of high-amplitude reflections that correlates well with the observed
seismic record lies between 190 and 228 mbsf. The positive excursions in acoustic
impedance are likely caused by the presence of siderite cement. The negative acoustic
impedance contrasts are likely a function of increasing organic carbon content and or
biogenic silica.
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7.1 Site Summary
7.1.1 Highlights
Site U0100 (74.761937°N, 62.547075°W, 324.2 m water depth) was a secondary
target to be drilled if the opportunity arose, which it did owing to the abundance of
icebergs and growlers over the northern sites. Any core recovery from this site is thus
considered a bonus in what was otherwise a very tight schedule for the Baffin Bay Scientific
Coring Program (BBSCP).
Although Site U0100 reached a depth of only 129.4 mbsf rather than the intended
depth of 450 mbsf, results from the site did accomplish several objectives. Highlights
include:










Determining that the primary lithologies in the Cretaceous section are carbonaceous
claystone, carbonaceous sandstone with silt, and sandstones, and that the
Quaternary section is a clast-rich diamict.
Estimating the age of the sediments underlying the diamicts as middle to late Albian
(~100–108 Ma) from the presence of dinoflagellates, pollen, and spores, which is
consistent with their position stratigraphically above the late Early Cretaceous age
sediments recovered at Site U0110.
Finding that no apparent Tertiary section underlies the Quaternary glacial
sediments, and that the unconformity at ~121 mbsf is a glacial erosion surface, with
a hiatus of about 100 m.y.
Reconstructing the paleoenvironmental setting from sedimentological,
paleontological, and geochemical evidence to conclude that Site U0100 was located
in a brackish water setting distal to the distributary system of a delta or in a bay or
lagoon.
Characterizing seismic velocity, porosity, and density of the rock units.
Confirming that very high concentrations of biogenic methane gas occur in the
organic-rich units beneath the glacial sediment.
Estimating the source rock potential of the carbonaceous units in Lithostratigraphic
Unit II, which have moderate organic matter contents and pyrolytic hydrocarbon
yields, with a Tmax of 443°C. Prior to uplift, these sediments probably were buried to
depths on the order of 2.8–3.2 km, experienced temperatures of 85–105°C, and
were in the initial to mid-stages of hydrocarbon generation. Current S2 (~3 mg/g)
and TOC (3–5 wt%) values probably were higher prior to hydrocarbon generation.
In addition, the underlying section penetrated at nearby Site U0110 contains a 30 to
40 m thick sequence of black shales with high TOC. These factors make the rocks
sampled in this region highly prospective for having generated and expelled
significant amounts of petroleum under appropriate burial conditions.
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7.1.2 Background and Objectives
Site U0100 was originally denoted as Site SC-10 by the consortium of companies
planning the project, as part of the Site 7 region in the GEMS Geophysical Report (GEMS
International Group of Companies, 2011, unpublished report), as Site USC100 prior to the
start of BBSCP, and, once coring began, as Site U0100 to comply with site-naming
conventions commonly used on the JOIDES Resolution.
Site U0100 is located on the northwest Greenland continental shelf, on the east side
of the Melville Bay Ridge and near the western edge of the Melville Bay Graben (Figs. 7.1-F1
and 7.1-F2). It is only about 800 m northeast of Site U0110. The seismic reflection profiles
across the site show a flat-lying sequence of younger sediments, interpreted prior to the
expedition as Quaternary glacial sediments, overlying an ENE dipping sequence of preQuaternary strata (Fig. 7.1-F3).

Figure 7.1-F1. Structural elements of Melville Bay area (after Whittaker et al., 1997).
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Figure 7.1-F2. Site locations with bathymetry and seismic lines.

Figure 7.1-F3. Crossing seismic reflection profiles through Site U0100.
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The site was originally planned to penetrate ~120 m of Quaternary sediment and
then focus on recovering ~330 m of pre-Quaternary sediments. The primary objectives for
coring were to:




Obtain stratigraphic information about the cored section, with a focus on the
lithologies, ages, and paleoenvironmental settings;
Estimate potential source rock characteristics;
Determine the physical properties of the rock units for evaluating potential
reservoir properties and improving seismic velocity models (depth vs. time curves).

A secondary objective, of interest to the science team and approved by the consortium of
companies who funded the BBSCP, was to study the Quaternary section to learn more
about the glacial history of Greenland.
Prior to coring, the Quaternary section was estimated to be between 100 and 150 m
thick. Depth estimates were made assuming the seismic velocity is a constant 2700 m/s.
The base of the diamict was thought to be underlain by an Eocene unconformity, with
Tertiary and Cretaceous sediments beneath.
Based on coring experience at Site U0110 (see “Chapter 4. Site U110”), the plan was
to core a single RCB hole and to monitor gas with great caution given the high levels of
methane observed in the Site U0110 cores. To ensure that coring was halted well before
any problems arose, we established a limit for methane headspace gas of 100,000 ppmv,
above which coring would cease and the hole would be plugged.

7.1.3 Coring Summary
A single RCB hole was cored to a total depth of 129.4 mbsf at Site U0100 (Table 7.1T1). In total, 20.77 m of core were recovered from the 17 cores collected from Hole
U0100A, with 18.84 m in the Quaternary section and the other 1.93 m in the Cretaceous
section. The average core recovery was only 16% (Tables 7.1-T1 and -T2). Each core took
on average 1.7 hrs to collect. This includes wireline time, time to wait for headspace gas
results from the prior core before coring was resumed, and other operations that took
place between cores. Using this time, the core recovery rate was between 1.4 m/hr and 9.1
m/hr, with an average of 5.7 m/hr (Table 7.1-T2). Additional coring statistics are provided
for the hole, cores, and sections in Tables 7.1-T1, -T2, and -T3, respectively.
Table 7.1-T1. Hole summary for Site U0100.
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Table 7.1-T2. Core summary for Site U0100.

Table 7.1-T3. Section summary for Site U0100.
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7.1.4 Science Results
7.1.4.1 Lithology
The stratigraphic succession recovered at Site U0100 is divided into two
lithostratigraphic units that are separated by a substantial hiatus at 120.62 mbsf (see
section “7.3 Lithostratigraphy”) (Fig. 7.1-F4). This boundary is marked by a sharp color
contact between the clast-rich sandy diamict of Lithostratigraphic Unit I and the
carbonaceous claystone of Lithostratigraphic Unit II. The contact may be partially
disturbed by drilling.
Lithostratigraphic Unit I (0–120.62 mbsf) is gray to very dark gray, clast-rich,
muddy to predominantly sandy diamict with clast content varying between 10% and 30%.
The diamicts are unstratified. Clasts are primarily granule to pebble in size, although some
cobble-size clasts are present. Clast lithologies include gneiss, granite, amphibolite,
quartzite, dolerite, and sedimentary intraclasts. Recovery was poor in the upper part of this
unit, and none of the thin (~3 m) upper zone of dark gray mud that was collected at
neighboring Site U0110 was recovered, although it probably occurs at Site U0100.
Lithostratigraphic Unit II is very dark gray to black carbonaceous claystone,
carbonaceous sandstone with silt, and sandstone. The carbonaceous claystone in the meter
below the contact with the diamict is laced with an anastomosing network of subhorizontal
calcite veins that are <1 mm to 2–3 mm thick. Only 1.93 m of this unit was recovered.
7.1.4.2 Ages
Lithostratigraphic Unit I (0‒120.62 mbsf; glacial sediments) is broadly assigned a
Quaternary age based on the presence of benthic foraminifera characteristic of Quaternary
sediments in northern high latitudes and the lateral continuity of seismic reflectors from
Site U0110 (Fig. 7.1-F3). The magnetostratigraphy records normal polarity, with the
exception of a brief reversed interval between 23.8 and 26.5 mbsf. The unit is assigned to
the Brunhes Chron (C1n; 0‒0.78 Ma), with the reversed interval interpreted to be one of
the geomagnetic excursions known to occur within the Brunhes.
Lithostratigraphic Unit II (120.62‒125.15 mbsf) is barren of calcareous
nannofossils, foraminifera, and diatoms, but contains a low diversity assemblage of
brackish water dinoflagellate cysts and acritarchs, as well as an abundant and diverse
assemblage of pollen and spores. Specimens of the dinoflagellate taxon Nyktericysta davisii
suggest a middle to late Albian age for this unit. This is supported by the occurrence of
Quantouendinium dictyomorphum, which ranges from the Aptian to Albian in brackish
water deposits of China (Mao et al., 1999), together with Vesperopsis cf. mayi. Vesperopsis
mayi s.s. ranges from the upper Aptian to lower upper Albian in fully marine assemblages
of Greenland (Nøhr-Hansen, 1993). The pollen and spore assemblage from this unit is
characteristic of the mid-Cretaceous and includes diverse conifer palynomorphs,
pteridophytes, bryophytes, and small angiosperm pollen comprised of triporates (e.g.,
Momipites spp.), as well as Gramineae spp. and Tricolpites spp. The absence of members of
the genus Rugubivesiculites, which first appears in the latest Albian (Doyle and Robbins,
1975; Koppelhus and Pedersen 1993), supports the interpretation based on dinoflagellates
and indicates a middle to late, but not latest, Albian age for Lithostratigraphic Unit II, which
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must be younger than the late Early Cretaceous age assigned to sediments below the
unconformity at Site U0110 based on superposition. This age range falls within the
Cretaceous Long Normal Polarity interval (Superchron C34n; 83.64‒125.93 Ma), which is
consistent with the observed normal polarity of the recovered sediment.
7.1.4.3 Facies and Paleoenvironmental Setting
The lithologic succession was subdivided into three lithofacies with distinct
characteristics that provide evidence of the paleoenvironmental setting (see section “7.3
Lithostratigraphy”). Facies 1, the clast-rich diamict of Lithostratigraphic Unit I, is
interpreted as proximal glacigenic sediments. This facies probably formed as basal tills
beneath grounded ice (i.e., “lodgement tills”) and as “rain-out tills” beneath ice shelves,
with the latter interpretation supported for at least a few of the diamict intervals by the
presence of marine microfossils (e.g., foraminifera).
Facies 2 and 3 occur only in Lithostratigraphic Unit II. Facies 2, black carbonaceous
claystone with calcite veins, is interpreted to have been deposited in a low-energy nearshore environment based on the fine-grained nature of the sediment and the presence of
coaly material. Facies 3 is a heterolithic facies that comprises very dark gray to black
carbonaceous sandstone with silt, with numerous wispy and lens-like laminae of lightcolored fine to medium sandstone and locally black, wavy stringers of organic matter and
clay drapes. Bioturbation increases with depth in Core U0100A-17R and plant debris has
been identified within this facies. The laminations, the interstratification of different
colored laminae, and the diverse grain size indicate current activity during deposition of
this facies. The presence of organic and muddy drapes suggests alternating periods of
bedload transport and deposition from suspension at times of slack water, and indicating
fluctuations in sediment supply and strength of current activity.
Although recovery was sparse in Lithostratigraphic Unit II at Site U0100, the
character of the two lithofacies, the brackish water dinoflagellate assemblage, and
correlation with other drill sites together provide evidence consistent with depositional
environments that include a tide-influenced delta/coast, lagoon or estuary, or the distal
distributary systems of a river-dominated delta. This interpretation is consistent with the
paleoenvironmental settings for similar strata from roughly coeval time intervals from
Sites U0110 and U0080. For example, comparable environmental settings were suggested
for the carbonaceous mudstone facies (Facies 6) and heterolithic facies (Facies 4) from Site
U0110 (see section “4.3 Lithostratigraphy”), which are similar to, albeit somewhat older
than, Facies 2 and 3 from Site U0100. Furthermore, the sedimentary sequences at Site
U0110 and U0100 appear to have been deposited coevally with the lower and the upper
middle parts of Site U0080, respectively. These stratigraphic intervals at Site U0080
represent the lower and middle parts of a transgressive sequence that evolved from a
subaerially exposed paleosol (like at the base of Site U0110) to a setting distal to the
distributary system of a delta or in a bay or lagoon (like Site U0100).
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Figure 7.1-F4. Site U0100 summary.

7.1.4.4 Physical Properties
Besides measurements made on whole-core sections, relatively few physical
properties measurements were made on the sparse core recovered from Hole U0100A.
Seven discrete cube samples were collected from the diamict and a single cube sample was
collected from a fine-grained laminated sandstone in the Cretaceous section for moisture
and density (MAD) analyses.
For Lithostratigraphic Unit I, magnetic susceptibility averages 4.510-3 SI, with a
maximum of 5.510-2 SI. Whole-core density measurements average 2.39 g/cm3, with a
maximum of 3.12 g/cm3. Positive “spikes” in both density and susceptibility are attributed
to the presence of large dropstones within the core liner. For the seven discrete samples
from the diamict matrix, porosities vary from 19% to 28%, with an average of 23%, and
grain density vary from 2.59 to 2.74 g/cm3, with an average of 2.69 g/cm3.
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Lithostratigraphic Unit II has an average magnetic susceptibility of 2.710-4 SI, more
than an order of magnitude weaker than the overlying diamict. Density measurements
from the single discrete sample gave bulk and grain densities of 2.35 g/cm3 and 2.56 g/cm3,
respectively. This slightly low density probably reflects mixing of a minor carbon
component (with densities of about 1.0–1.5 g/cm3) with a major aluminosilicate
component (with densities of 2.65–2.7 g/cm3). This same sample has a porosity of 14% and
a P-wave velocity of 2320 m/s.
7.1.4.5 Geochemistry
Methane concentrations varied from 2 to 7,300 ppmv in the diamict, with the
exception of a high of 27,200 ppm in Sample U0100A-8R-3, 3 cm (64.52 mbsf) (Fig. 7.1-F4).
Like at Site U0110, Site U0100 samples from the Cretaceous section had extremely high
methane (C1) gas concentrations, but were also variable within each core and from one
core to the next (see section “7.6 Geochemistry”). Methane concentrations in Core U0100A16R were 38,000 ppmv at 120.8 mbsf and 113,900 ppmv at 121.60 mbsf. Core U0100A-17R
contained 38,000 ppmv of methane. Ethane was measurable from the first sample with
elevated methane in Core U0100A-4R and was 70 ppmv at the bottom of Core U0100A16R. Methane/ethane levels were always higher than 1,000 (Fig. 7.1-F4).
The high level of methane in Core U0100A-16R was noted as Core U0100A-17R was
being cut. This level was considered sufficiently high in light of what had been observed at
the nearby Site U0110 that a decision was made to cease coring operations at Site U0100
and recover the short Core U0100A-17R (see section “7.2 Operations).
At Hole U0100A, carbonate content is uniformly below 5 wt% in the diamict. High
carbonate content (20 wt%) is noted in the upper part of Lithostratigraphic Unit II
(carbonaceous claystone) in Sample U0100A-16R-2, 20-23 cm (121.49 mbsf). This high
value possibly results from the calcite veins noted in coherent rock pieces in Core U0100A16R. The C/N ratios of 10.5 and 17.5 for the two samples from Lithostratigraphic Unit II are
not as high as values observed in the Cretaceous sections at other sites, probably due to
somewhat lower carbon contents.
Carbonaceous units in Lithostratigraphic Unit II have moderate total organic
contents (TOC) and pyrolytic hydrocarbon yields, with a temperature of maximum
pyrolytic yield (Tmax) of 443°C. Prior to uplift, sediments from Hole U0100A in Cores
U0100A-16R and -17R probably were buried to depths on the order of 2.8-3.2 km,
experienced temperatures in the range of 85–105°C, and were in the initial to mid-stages of
hydrocarbon generation. Current S2 (~3 mg/g) and TOC (3–5 wt%) values probably were
higher prior to hydrocarbon generation. In addition, the underlying section penetrated at
nearby Site U0110 contains a fairly thick (30–40 m) sequence black shales with high TOC
(up to 50 wt%). These factors make the rocks sampled in this region highly prospective for
having generated and expelled significant amounts of petroleum under appropriate burial
conditions.
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7.2 Operations
7.2.1 Transit to Site U0100
The JOIDES Resolution (JR) had been waiting on ice at a standby position near Site
U0070 when it was decided to instead core at alternate Site U0100 given that icebergs and
growlers were not expected to clear from Site U0070 or any of the other northern sites for
some time. The JR departed Site U0070 at 1115 hrs on 28 August 2012, traveling 75 nmi on
route to Site U0100 in 7.5 hours at an average speed of 10 knots (Fig. 7.2-F1).

Figure 7.2-F1. Location map with transit path to Site U0100.

7.2.2 Site U0100 Operations
Operations at Site U0100 began at 1900 hrs on 28 August. Operations for the first
2.5 hours on site included lowering thrusters, positioning the vessel over the site
coordinates, making up the bottom-hole assembly (BHA), and running the bit down to near
the seafloor. Another 4.5 hours were spent conducting a vibration-isolated television (VIT)
camera survey of the seabed and confirming the coordinates for Hole U0100A. The position
of the VIT camera was determined by attaching the Fugro positioning beacon to the VIT
camera. Hole U0100A coordinates were determined by placing the bit on the seafloor with
the VIT camera near the bit. These and other Site U0100 operations are listed in
chronological order in Table 7.2-T1 and illustrated in Figure 7.2-F2.
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Figure 7.2-F2. Planned and actual operations at Site U0100.
Hole U0100A was spudded at 0125 hrs on 29 August and cored with the rotary core
barrel (RCB) without interruption down to the last core collected, Core U0100A-17R
(124.4–129.4 mbsf). Core recovery was poor (<20%) through the Quaternary overburden
(0.0–120.62 mbsf), with the exception of Cores U0100A-4R, -8R, and -9R. Only two cores
(U0100A-16R and -17R) were collected in the Cretaceous section.
As at Site U0110, methane gas was being attentively monitored due to the potential
of the Quaternary overburden to trap gas from the tilted Cretaceous units. The headspace
gas sample, Sample U0100A-16R-2, 80 cm (121.60 mbsf) from the first core below the
Quaternary did indeed contain a very high methane gas concentration of 113,867 ppmv,
which exceeded the 100,000 ppmv safety limit that had been set for this site. Coring was
halted and the core barrel for Core U0100A-17R was recovered after advancing only 5 m.
To ensure that no methane was flowing from the hole, the hole was filled with 25
barrels of 10.5 ppg weighted mud. The VIT camera was lowered to just above the cuttings
mound and the hole was monitored for flow. These observations confirmed that no flow
was occurring. After completion of the VIT deployment, the camera was pulled up, and the
pipe tripped out of the hole and to the rig floor. Site U0100 officially ended at 1200 hrs on
30 August 2012.
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Table 7.2-T1. Site U0100 operations.
Date

Time (hrs)

Hours

Location

Activity

28-Aug-12

1115-1900

7.75

Transit

28-Aug-12

1900-1930

0.5

Hole U0100A

Lower thrusters and hydrophones. Switch from cruise
mode to DP mode at 1930 hrs. Position vessel over site
coordinates.

28-Aug-12

1930-2130

2

Hole U0100A

Make-up BHA. Space out core barrels, and RIH to 312
mbrf. Deploy Fugro Sea Bird for water sample while
handling tubulars. Recover Sea Bird.

28-Aug-12

2130-2200

0.5

Hole U0100A

Deploy VIT with Fugro positioning beacon on frame.

28-Aug-12

2200-2300

1

Hole U0100A

Pick-up top drive and space out for spudding.

28-Aug-12

2300-2400

1

Hole U0100A

29-Aug-12

0000-0100

1.5

Hole U0100A

29-Aug-12

0100-0130

0.5

Hole U0100A

Recover VIT.

29-Aug-12

0130-1200

10

Hole U0100A

Spud hole U0100A at 0125 hrs. Cut and recover RCB cores
1R through 3R to 23.7 mbsf (359.2 mbrf).

29-Aug-12

1200-2400

12

Hole U0100A

Continuous RCB coring. Cut and recover RCB cores 4R
through 11R to 92.0 mbsf (427.5 mbrf).

30-Aug-12

0530-0645

1.25

Hole U0100A

Decision made to abandon coring in Hole U0100A due to
elevated methane levels and methane curve with depth
approximating that of Hole U0110C.

30-Aug-12

0645-0715

0.5

Hole U0100A

Layout core barrels and prepare to POOH.

30-Aug-12

0715-0730

0.25

Hole U0100A

POOH with top drive to 99.5 mbsf (435.0 mbrf) and
displace hole with 25 bbls of 10.5 ppg weighted mud.

30-Aug-12

0730-0815

0.75

Hole U0100A

POOH to 19.5 mbsf (355.0 mbrf).

30-Aug-12

0815-0830

0.25

Hole U0100A

Deploy VIT and observe hole. No flow identified.

30-Aug-12

0830-0900

0.5

Hole U0100A

POOH with drill string to 333.0 mbrf. Cleared seafloor at
0855 hrs. Final observation of hole revealed no flow.
Recover positioning beacon.

30-Aug-12

0900-0930

0.5

Hole U0100A

Recover VIT.

30-Aug-12

0930-1130

2

Hole U0100A

Set back top drive and resume POOH with drill string.
Layout OCB components. Bit clear of rotary table at 1125
hrs.

30-Aug-12

1130-1200

0.5

Hole U0100A

Pull thrusters and hydrophones and secure rig for transit.
Underway for Site U0070 at 1200 hrs.

30-Aug-12

1200-2000

8

Transit

Transit to Site U0100. End sea passage.

Begin seabed survey using VIT and moving ship in an
expanding box (out to 40m x 40m) with DP offsets.
Complete seabed survey using VIT and moving ship in an
expanding box (out to 40m x 40m) with DP offsets.

Transit back to Hole U0070A
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7.3 Lithostratigraphy
7.3.1 Overview
One hole was cored with the RCB system at Site U0100 to a total depth of 129.40
mbsf, with an average recovery of 16% (Fig. 7.3-F1). The sediments from Site U0100
consist of diamict, carbonaceous claystone, carbonaceous sandstone with silt, and
sandstone, which are placed into two lithostratigraphic units (Fig. 7.3-F2). The uppermost
Unit I (0–120.62 mbsf) consists of unconsolidated clast-rich muddy and sandy diamict.
Several short intervals of gravels were recovered within Unit I and are interpreted as
drilling-washed concentrates of large clasts in the diamict. Unit II (120.62–125.15 mbsf)
marks a distinct change in lithology to carbonaceous claystone, carbonaceous sandstone
with silt, and sandstone.
The suspension of the drilling operations and poor core recovery allow only a
partial picture of the sedimentary history of this site to be established. Nevertheless, three
lithofacies can be identified from the recovered core interval and interpreted in terms of
varying depositional environments, ranging from a glacially dominated to a marginal
marine setting.

7.3.2 Facies Descriptions
Three lithofacies are identified at Site U0100:
Facies 1 – Clast-rich muddy and sandy diamict
This is the most common lithofacies recovered at Site U0100 comprising 90% of
total recovery. It consists of gray to very dark gray, clast-rich, muddy to predominantly
sandy diamict with clast content varying between 10% and 30% (Fig. 7.3-F3). The diamicts
are unstratified. Clasts are primarily granule to pebble in size, although some cobble-size
clasts are present. Clast types include gneiss, granite, amphibolite, quartzite, dolerite and
sedimentary intraclasts. Decimeter-scale intervals of gravel are also present within Facies
1; these gravels are predominantly pebble- to cobble-grade, rounded and often show
abrasion caused by drilling, and are therefore interpreted as the coarse fraction of the
diamict, washed and concentrated during drilling, rather than as a separate facies.
Facies 2 – Carbonaceous claystone
This lithofacies is characterized by fine grain size, black color and shiny surface
appearance and accounts for approximately 5% of the recovered sediments at Site U0100
(Fig. 7.3-F4). Most of the carbonaceous claystone is highly fragmented and disturbed by
drilling. However, several competent to semi-competent blocks of the carbonaceous
claystone are preserved; in these, the carbonaceous claystone is laced with an
anastomosing network of sub-horizontal calcite veins (Fig. 7.3-F4; Table 7.3-T1).
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Figure 7.3-F1. Plot recovery and generalized lithology at Site U0100.
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Figure U0100-7.3-F2. Lithostratigraphic summary for Site U0100.
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Figure 7.3-F4. Example of carbonaceous
claystone of Facies 2 (Interval U0100A16R-2A, 34-48 cm). The interval is heavily
disturbed
by
drilling.
Note
the
anastomosing network of sub-horizontal,
mm-scale calcite veins in the competent
block. Interval of core shown is 15 cm
long.

Figure U0100-7.3-F3. Core photograph of
Facies 1 (Interval U0100A-8R-1A, 26-44
cm). Note massive nature of the diamict,
and abundance and diversity of clasts.
Interval of core shown is 19 cm long.

Facies 3 – Carbonaceous sandstone with silt and sandstone
This lithofacies consists of very dark gray to black carbonaceous sandstone with silt,
with numerous wispy and lens-like laminae of light-colored fine- to medium sandstone and
locally black, wavy stringers of organic matter and clay drapes (i.e., a heterolithic facies)
(Fig. U0100-7.3-F5; Table 7.3-T1). Bioturbation increases with depth in Core U0100A-17R
and plant debris has been identified within this facies (e.g., Sample U0100A-17R-1W, 39-42
cm) (Fig. 7.3-F6; Table 7.3-T1). This lithofacies was recovered in the lowermost part of the
sequence and comprises less than 5% of total recovery.
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Table 7.3-T1. Thin-section descriptions for Site U0100.

7.3.3 Facies Interpretations
Massive diamicts of Facies 1 at Site U0100 contain large amounts of abraded and
fragmented clastic material but lack any coherent in situ assemblage of marine microfauna
and flora (see section “7.4 Chronostratigraphy”), internal structure, or bioturbation. All of
these features preclude an origin by rainout of suspended sediment and ice-rafted detritus,
although rainout deposits likely occurred but were not recovered as they were at Site
U0110. Lateral continuity of the Quaternary glacial sediments is evident in seismic
reflection profiles (Fig. 4.1-F3) between Sites U0110 and U0100. All of the sediments
recovered at Site U0100 are interpreted as lodgement tills produced by the subglacial
reworking and transport of marine muds and other sediments below grounded ice.
Facies 2 is interpreted to have been deposited in a low-energy near shore
environment based on the fine-grained nature of the sediment and the presence of coaly
material. In contrast, Facies 3 is characterized by laminations and interstratification of
different colored laminae and the diverse grain size produced by current activity during
deposition. The presence of organic/muddy drapes suggests alternating periods of bedload
transport and deposition from suspension at times of slack water, and indicates
fluctuations in sediment supply and level of current activity. Further interpretation of the
depositional environment or conditions of Facies 2 and 3 is obscured, however, by the
limited length of the sedimentary sequence recovered, combined with the fact that the
stratigraphic integrity of most of the core was highly compromised by drilling disturbance.
A carbonaceous mudstone facies and heterolithic facies, similar to Facies 2 and 3 at this site
were identified at Site U0110 (see section “4.3 Lithostratigraphy”), and interpreted as
having been deposited in a marginal marine setting with coastal subaerial vegetation and
abundant sediment supply. Possible depositional environments interpreted at Site U0110
include a tide-influenced delta/coast, lagoon or estuary, or the distal distributary systems
of a river-dominated delta. A similar general setting is interpreted for the deposition of
Facies 2 and 3 at Site U0100.
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Figure 7.3-F6. Plant debris in quartz-rich
sandstone of Facies 3 (Sample 344SU0100A-17R-1, 39-42 cm). Image shown
with 20x magnification in plane-polarized
light.

Figure 7.3-F5. Example of carbonaceous
sandstone with silt of Facies 3 (Interval
U0100A-17R-2A, 24-34 cm). Interval of
core shown is 11 cm long.

7.3.4 Unit Description and Interpretations
Unit I
Interval: U0100A-1R-1, 0 cm, through U0100A-16R-1, 82 cm
Depth: 0-120.62 mbsf
Age: Quaternary
Lithostratigraphic Unit I is composed of the diamicts of Facies 1. Massive diamicts at
Site U0100 are probably of subglacial origin, given the lack any internal structure or
bioturbation and the presence of reworked marine microfossils. The boundary between
Lithostratigraphic Unit I and II is taken at a sharp color contact between the clast-rich
sandy diamict and the carbonaceous claystone at 120.62 mbsf (U0100A-16R-1, 82 cm) (Fig.
7.3-F7). The contact may be partially disturbed by drilling.
Unit II
Interval: U0100A-16R-1, 82 cm through U0100A-17R-1, 75 cm
Depth: 120.62–125.15 mbsf
Age: Middle to Late Albian
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Lithostratigraphic Unit II is composed of the carbonaceous claystone, carbonaceous
sandstone with silt, and sandstone of Facies 2 and 3, and records deposition in a clasticdominated marginal marine environment. The contact between these two lithofacies was
not recovered. Facies 2 lacks sedimentary structures indicative of current activity and is
interpreted to record low energy environmental conditions at the time of deposition. In
contrast, Facies 3 represents a more hydraulically dynamic setting, with variations in
current intensity responsible for the observed lamination, and intermittent slack water
conditions allowing settling of fine suspension and formation of mud drapes.
Unit II is a predominantly fining-upward sequence. Considering the depositional
environment inferred at the nearby Site U0080 where a longer and more complete
sequence of similar sediments was recovered, sediments from Unit II might represent a
fining-upward channel fill, likely deposited during periods of fluctuating flow strength,
followed by aggradation of organic-rich fines outside the filled channel. The presence of a
siderite concretion within Facies II, as confirmed by XRD analysis (Table 7.3-T2) (see
section “7.3.5 XRD results from Site U0100”) and thin sections (Fig. 7.3-F8; Table 7.3-T1),
together with the identification of brackish water dinoflagellate cysts (see section “7.4
Chronostratigraphy”), is consistent with this interpretation, suggesting at least some time
of brackish/freshwater influence.

Figure 7.3-F8. Siderite thin-section
images. (a) Siderite with small amount of
pyrite and clay in Facies 2 (Sample 344SU0100A-16R-1,
97-100
cm),
10x
magnification, plane-polarized light. (b)
Same as (a), cross-polarized light.

Figure 7.3-F7. Contact between Units I
and II (Interval U0100A-16R-1W, 74-88
cm). Interval of core shown is 15 cm long.
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7.3.5 XRD Results from Site U0100
Four bulk samples and their clay fractions (<
alyzed with X-ray
diffraction to determine mineral composition and approximate mineral abundances (Table
7.3-T2). One sample was glycolated in order to identify possible smectite in the clay
mineral fraction. Details on the XRD methodology and the semi-quantitative assessment of
mineral contents are given in the Methods section (see section “2.3 Lithostratigraphy“).
The diamict of Unit 1 is dominated by quartz, K-feldspars and plagioclase in the bulk
sample and its clay fraction consists mostly of illite, with lesser amounts of kaolinite and
chlorite. No detectable amounts of smectite were found. Less abundant minerals include
amphibole in both bulk and clay fractions, and pyrite in the bulk sample.
XRD analysis of Unit II focused on cemented lithologies of Facies 2. Samples U010016R-1, 97-100 cm, and U0100-16R-2, 75-77 cm include siderite as the most abundant
mineral, and Sample U0100-16R-2, 37-42 cm is dominated by Mg calcite. A paragenesis of
these two carbonate minerals is found in Sample U0100-16R-2, 75-77 cm. Non-carbonate
minerals such as quartz, kaolinite and illite/mica are present in minor amounts in these
unusual lithologies from Unit II. Clay minerals include kaolinite as the most abundant
component. Illite is apparently less common, and both chlorite and smectite are absent,
suggesting efficient chemical weathering in the source area.
Table 7.3-T2. XRD results for Site U0100.
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7.4 Chronostratigraphy
7.4.1 Introduction
The chronostratigraphy for Site U0100 is constrained primarily by dinoflagellates,
pollen, and spores. In addition, the natural remanent magnetization (NRM) measured
before and after magnetic cleaning was used to determine the magnetostratigraphy. The
upper ~120 m can be broadly assigned a Quaternary age based on the presence of benthic
foraminifera characteristic of Quaternary sediments in the northern high latitudes and the
lateral continuity of seismic reflectors from Site U0110 in the Quaternary section (see Fig.
4.1-F3). The magnetostratigraphy, which is normal polarity except for a brief reversal (or
geomagnetic excursion) between 23.8 and 26.5 mbsf, is assigned to the Brunhes Chron
(C1n; 0‒0.78 Ma), suggesting a Quaternary age for the glacial diamict. Below the
unconformity at 120.62 mbsf, palynomorphs indicate a middle to late Albian age. This is
consistent with the slightly older late Early Cretaceous age assigned to Site U0110 strata,
which underlie the strata cored at Site U0100. The Albian age for Site U0100 is also
consistent with the observed normal polarity, which is assigned to the Cretaceous Long
Normal Polarity interval (Superchron C34n; 83.64‒125.93 Ma).

7.4.2 Paleontology
Samples for Site U0100 were examined for calcareous nannofossils, foraminifera,
diatoms, dinoflagellate cysts, pollen, and spores. Samples were collected from core catchers
of each core, with additional samples (primarily for palynomorphs) taken from split-core
sections. The primary results for all fossil groups are summarized in Figure 7.4-F1. The
~120 m of glacial diamict contains rare reworked Paleogene palynomorphs and calcareous
nannofossils. The in situ assemblage consists of rare benthic foraminifera. Below the
unconformity at 120.62 mbsf, the sediments are completely barren of calcareous
nannofossils, diatoms, and foraminifera; however, these marginal marine sediments
contain a diverse assemblage of dinoflagellates, pollen, and spores that indicate a middle to
late Albian age.
7.4.2.1 Calcareous Nannofossils
A total of 17 samples were prepared and examined for calcareous nannofossils at
Site U0100 (Appendix Table 7.4-AT1). Of those, 15 are barren and two samples contain
very rare, likely reworked nannofossils. A single large specimen of Reticulofenestra
dictyoda (reworked from the Eocene or Oligocene), together with a fragment of probable
Coccolithus pelagicus, occur in Sample U0100A-3R-1, 32-35 cm (15.32 mbsf). Sample
U0100A-4R-CC, 3-5 cm (26.63 mbsf) contains a single and likely reworked
Braarudosphaera bigelowii fragment. This extant taxon is long-ranging, having first evolved
during the Cretaceous. No in situ taxa were found at this site.
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Figure 7.4-F1. Chronostratigraphic summary for Site U0100.
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7.4.2.2 Foraminifera
All ten samples examined are barren of planktonic foraminifera, whereas four of
those samples, U0100A-2R-1, 14-19 cm (8.14 mbsf), -3R-1, 32-35 cm (15.32 mbsf), -4R-CC,
3-5 cm (26.63 mbsf), and -7R-1, 40-43 cm (53.00 mbsf), contain benthic foraminifera
(Appendix Table 7.4-AT1). The benthic foraminifera include the species Elphidium
excavatum, Cassidulina reniforme, and Cibicides refulg ens, taxa commonly found in
northern high latitude Holocene and Quaternary sediments (Belanger and Streeter, 1980;
Korsun and Hald, 1998).
7.4.2.3 Diatoms
All samples examined (Samples U0100A-2R-1, 14-19 cm through -17R-1, 68-71 cm
[8.14‒125.08 mbsf]) are barren of diatoms (Appendix Table 7.4-AT1).
7.4.2.4 Dinoflagellate Cysts
A total of 14 samples from Hole U0100A were examined for dinoflagellate cysts,
(Appendix Table 7.4-AT2). The organic material in the samples is dominated by
terrestrially derived organic material: undifferentiated plant debris, tracheids, cuticles,
spores, and pollen. In addition to the terrestrial material, low diversity assemblages of very
thin walled brackish water dinoflagellate cysts and acritarchs were recorded from six
samples from Cores U0100A-16R and -17R (120.62‒125.08 mbsf), all below the
unconformity. A single reworked Wetzeliella sp. specimen (with a stratigraphic range from
the lower Eocene to lower Oligocene) was recorded from Sample U0100A-8R-CC, 16-19 cm
(67.11 mbsf) above the unconformity. The variation in abundance of dinocysts and
acritarchs in Cores U0100A-16R and -17R (Appendix Table 7.4-AT2) may depend on
differences in processing rather than mirror the true abundance.
The few recorded dinoflagellates are Nyktericysta davisii, Nyktericysta davisii
specimens with relatively long post- and pre-cingular horns, Quantouendinium
dictyophorum, Vesperopsis cf. nebulosa, Vesperopsis cf. mayi, and the acritarch genera
Fromea spp. and Wurioa spp. (Fig. 7.4-F2). Two possible new species questionably referred
to as Moorodinium sp. tabulate and Moorodinium sp. with no or almost no tabulation are
also present (Fig. 7.4-F2). The specimens are questionably referred to the genus
Moorodinium Backhouse (1988) due to the presence of both a small apical and antapical
rounded tip, which only differs slightly from the original diagnosis of the genus. It is
noteworthy that Backhouse (1988) mentioned that the genus occupied a series of fresh or
brackish water environments in the Perth Basin (Western Australia) during the Late
Jurassic and Early Cretaceous.
Paleoenvironment and Age
The brackish water assemblages, together with the recorded spores and pollen flora
(described in section “7.4.2.5 Pollen and Spores”), indicate a late Early Cretaceous age
(middle to late Albian) and suggest some connection with more open marine conditions for
the sediments below the unconformity (Appendix Table 7.4-AT2).
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Figure 7.4-F2. Photomicrographs of dinoflagellate cysts from Site U0100. (A) Vesperopsis cf.
mayi, Sample U0100A-16R-2, 75-77 cm (121.55 mbsf); (B) Nyktericysta davisii, Sample
U0100A-16R-CC, 15-19 cm (121.76 mbsf); (C) Nyktericysta davisii with long post- and precingular horns, Sample U0100A-16R-CC, 15-19 cm (121.76 mbsf); (D) Vesperopsis cf.
nebulosa, Sample U0100A-16R-CC, 15-19 cm (121.76 mbsf); (E) Moorodinium sp. tabulate,
Sample U0100A-16R-CC, 15-19 cm (121.76 mbsf); (F) Moorodinium sp. with no or almost
no tabulation, Sample U0100A-16R-CC, 15-19 cm (121.76 mbsf); (G) Wurioa sp., Sample
U0100A-16R-2, 22-24 cm (121.02 mbsf); (H) Wetzeliella sp., Sample U0100A-8R-CC, 16-19
cm (67.11 mbsf); (I) Moorodinium sp. with no or almost no tabulation, Sample U0100A16R-CC, 15-19 cm (121.76 mbsf); (J) Moorodinium sp. with no or almost no tabulation,
Sample U0100A-17R-1, 3-5 cm (125.08 mbsf).
7.4-4

Chapter 7. Site U0100
7.4 Chronostratigraphy

Proceedings of the Baffin Bay
Scientific Coring Program

The abundance of terrestrially derived material and the presence of Nyktericysta
spp. and Quantouendinium spp. in the Cretaceous palynological assemblage from Site
U0100 indicate a brackish water to marginal marine depositional environment. Similar
dinoflagellate cyst assemblages have previously been reported from brackish water to
partly marine deposits of Albian age from the Slibestenflejdet Formation and the lower part
of the Ravn Kløft Member from the lowermost part of the Atane Formation at Nuussuaq,
West Greenland (Nøhr-Hansen, 2005, 2008; Dam et al., 2009).
The presence of N. davisii below the unconformity may suggest a late middle or
early late Albian age. Nyktericysta davisii was first described by Bint (1986) from upper
Albian and lower Cenomanian marine shale of the Western Interior (USA), with sheet-like
sandstone beds presumed to represent delta front processes, suggesting a marginal marine
depositional complex. In his description of N. davisii Bint (1986, p. 149) mentioned: “The
lateral horns are variable in size and on rare specimens may be reduced to low, rounded
bulges bearing very small pre- and postcingular extensions”; however, he only illustrated
one specimen with long pre- and post-cingular extensions (Bint, 1986, pl. 6 fig. 9).
Observations from West Greenland indicate that forms of N. davisii specimens with
relatively long post- and pre-cingular horns may be slightly younger in age than those with
reduced post- and pre-cingular horns (Nøhr-Hansen, 2005, 2008). Nyktericysta davisii
specimens with relatively long post- and pre-cingular horns were recorded together with a
marine dinoflagellate cyst assemblage of middle to late Albian age, Artic Canada (MacRae,
1992; Nøhr-Hansen and McIntyre, 1998), suggesting a similar age for Cores U0100A-16R
and -17R (120.62‒125.08 mbsf). The early late Albian age and environmental
interpretation of restricted marine influence may be supported by the presence of a
specimen of Vesperopsis cf. mayi in Sample U0100A-16R-2, 75-77 cm (121.55 mbsf).
Vesperopsis mayi has previously been recorded in a fully marine assemblage from the
upper Aptian to lower upper Albian in Northeast Greenland (Nøhr-Hansen, 1993).
Quantouendinium dictyophorum was described from Aptian to Albian freshwater to
slightly brackish water deposits in northeastern China by Mao et al. (1999). Nøhr-Hansen
(1993) previously recorded Q. dictyophorum as Vesperopsis aff. fragilis from marine
deposits of the Odontochitina ancala Subzone (V2) of late Albian age from East Greenland.
MacRae (1992) recorded abundant Q. dictyophorum as Nyktericysta sp. B from the
nonmarine uppermost Albian Strand Fiord Formation in Arctic Canada.
An age not younger than Albian may also be supported by the absence of the pollen
Rugubivesiculites rugosus (see section “7.4.2.5 Pollen and Spores”), which has a first
occurrence within the Ravn Kløft Member (assigned a late Albian–early Cenomanian age)
onshore West Greenland (Nøhr-Hansen, 2008; Dam et al., 2009).
7.4.2.5 Pollen and Spores
Eleven samples from Site U0100 were analyzed for pollen and spores. Most samples
were collected from core-catcher material, but some additional samples were collected
from split-core Sections U0100A-7R-1, -16R-1, -16R-2, and -17R-1. The samples show
varying degrees of pollen preservation and abundance. In Cores U0100A-16R and -17R, the
concentrations are high, but samples from above the unconformity (samples from Sections
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U0100A-2R-CC through -10R-CC [0‒120.62 mbsf]) contain just traces of grains or none at
all (Appendix Table 7.4-AT3).
The pollen assemblages from Site U0100, while showing the same dominance of
bisaccate pollen and pteridophyte spores as those from Holes U0080A and UO110C, exhibit
clear changes in pollen variety (Fig. 7.4-F3). The most significant observation for Hole
U0100A is the presence of triporate angiosperm pollen, which includes Liliacedites spp.,
Tricolpites spp., some Clavatipollenites spp., and small Triporoletes spp.
On the basis of the quantitative and qualitative character of the pollen and spore
assemblages, the sediments from Site U0100 are divided into three informal palynomorph
intervals.

Figure 7.4-F3. Photomicrographs of a field of view from two pollen preparations
illustrating the differences in palynofacies within two informal intervals defined for Hole
U0100A. (A) “Nearly Barren” interval with Todisporites sp. grain, Sample U0100A-12R-1,
40-42 cm (92.40 mbsf); (B) “Early Triporate” interval, Sample U0100A-17R-1, 68-71 cm
(125.08 mbsf).
“Megaspores” Interval
Sample U0100A-2R-1, 14-19 cm (8.14 mbsf) contains a pollen and spore assemblage
distinct from the remainder of the hole. While the concentration of the palynomorphs is
relatively low, the diversity is high. This assemblage is characterized by large grains of
different taxa, including Nevesisporites cf. dailyi, Hamulatisporis sp., and monosaccate
specimens (Fig. 7.4-F4A‒D). In addition, there are traces of Alisporites spp., small
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angiosperm triporate specimens, Cyathidites sp., and bryophyte spores, as well as some
bisaccate grains that could not be identified due to poor preservation.
“Nearly Barren” Interval
Samples from Sections U0100A-5R-CC through -12R-1 (33.40‒92.40 mbsf) are
nearly barren of spores and pollen (Fig. 7.4-F3A). Sample U0100A-7R-1, 40-43 cm (53.0
mbsf) contains some broken bisaccate pollen grains, pteridophyte spores (Fig. 7.4-F4E),
and several Triporates spp. (an angiosperm). Sample U0100A-10R-1, 94-97 cm (82.34
mbsf) contains only a single well-preserved grain of Liliacidites giganteus (Fig. 7.4-F4F).
Sample U0100A-12R-1, 40-42 cm (92.40 mbsf) contains sparse traces of different
bisaccates and spores, as well as some triporate taxa.

Figure 7.4-F4. Photomicrographs of pollen and spores from the Quaternary section of Site
U0100. (A) Monolete grain (unidentified), Sample U0100A-2R-1, 14-19 cm (8.14 mbsf); (B)
Monosaccate grain, Sample U0100A-2R-1, 14-19 cm (8.14 mbsf); (C) Hamulatisporis sp.,
Sample U0100A-2R-1, 14-19 cm (8.14 mbsf); (D) Nevesisporites cf. dailyi, Sample U0100A2R-1, 14-19 cm (8.14 mbsf); (E) Plicatella sp., Sample U0100A-7R-1, 40-43 cm (53.0 mbsf);
(F) Liliacidites giganteus, Sample U0100A-10R-1, 94-97 cm (82.34 mbsf).
“Early Triporate” Interval
Samples U0100A-16R-1, 97-100 cm (120.77 mbsf), -16R-2, 22-24 cm (121.02 mbsf),
-16R-CC, 15-19 cm (121.76 mbsf), and -17R-1, 68-71 cm (125.08 mbsf) contain an
assemblage characterized by a very high diversity and abundance of palynomorphs (Figs.
7.4-F3 and 7.4-F5). As in the upper part of the hole, spores of Cyathidites spp. and bisaccate
pollen are consistently present (Fig. 7.4-F5G‒J). This interval also contains a greater
diversity of conifer palynomorphs (Fig. 7.4-F5K‒N), including different species of
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Podocarpidites, as well as Cedripites cf. cretaceus (Appendix Table 7.4-AT3). This interval is
unique because of the abundant occurrence of small angiosperm pollen, including diverse
triporates (Fig. 7.4-F5A‒F). Among those identifiable are Momipites spp., aff. Gramineae
spp., and some Tricolpites spp.
Koppelhus and Pedersen (1993) described very similar pollen assemblages from the
upper Albian to Cenomanian of West Greenland characterized by bryophytes,
pteridophytes, gymnosperm pollen, and triporate angiosperm pollen, including members of
the genus Rugubivesiculites, which has a first appearance datum within the latest Albian
(Doyle and Robbins, 1975; Koppelhus and Pedersen 1993). Rugubivesiculites was not
observed at Site U0100, suggesting that the sediments below the unconformity were
deposited during the middle to late, but not latest, Albian.
Palynofacies Observations
The samples from Cores U0100A-16R and -17R are full of charcoal, micro-plant
debris, and fragments of algae, fungal spores, and bryophyte spores. Under high
magnification (630× and 1000×) it is apparent that many of the grains are mineralized;
however, some of the triporate angiosperm pollen is well preserved. The grains vary in
color from pale-yellow to dark-brown, but the preservation varies from perfect to poor,
with some grains broken and some corroded, but most are covered with small insoluble
mineral crystals. These could easily be misinterpreted as a part of the structure under low
magnification.

7.4.3 Paleomagnetism
Magnetic properties were only investigated for cores with recovery >15% (U0100A4R, -8R, -9R, -10R, -16R, and -17R) from Site U0100. Measurements included bulk
susceptibility of whole-core and split-core sections and the natural remanent
magnetization (NRM) of archive-half sections (Appendix Table 7.4-AT4). Alternating field
(AF) demagnetization at 10, 20, 25, 30, 35, 40, 45, and 50 mT with subsequent principal
component analysis (PCA; Kirschvink, 1980) at 5-cm resolution was conducted on Cores
U0100A-4R, -8R, -9R, and -10R from Lithostratigraphic Unit I (diamict) and at 10 and 20
mT on Cores U0100A-16R and -17R from Lithostratigraphic Unit II (Appendix Table 7.4AT4). Stepwise AF demagnetization on 11 selected discrete samples was performed at
successive peak fields of 0, 5, 10, 15, 20, 25, 30, 35, 40, 50, and 60 mT to verify the
reliability of the split-core analysis (Appendix Table 7.4-AT5). Samples from the top ~120
mbsf generally yielded excellent PCAs with fits having a maximum angular deviation of <5°.
Magnetic intensity below the unconformity at 120.62 mbsf drops significantly and
demagnetization behavior of the few measurements is mostly erratic. The location of the
discrete samples taken from Hole U0100A is indicated in the inclination and declination
panels of Figure 7.4-F6. We cleaned the split-core data extracted from the LIMS database by
removing all measurements collected from disturbed intervals, from intervals with larger
dropstones (Appendix Table 7.4-AT6), and from within 5 cm of the section ends. The entire
Core U0100A-16R is heavily brecciated and disturbed by the coring process and was
therefore eliminated from the analysis of remanent magnetization.
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Figure 7.4-F5. Photomicrographs of Cretaceous pollen and spores from Site U0100.
Angiosperm pollen: (A) aff. Gramineae sp., Sample U0100A-16R-2, 22-24 cm (121.02
mbsf); (B) Momipites sp., Sample U0100A-16R-2, 22-24 cm (121.02 mbsf); (C) Tricolporate
grain, Sample U0100A-16R-2, 22-24 cm (121.02 mbsf); (D) Tricolporate grain, Sample
U0100A-16R-2, 22-24 cm (121.02 mbsf); (E) Tricolpate grain, Sample U0100A-16R-2, 2224 cm (121.02 mbsf); (F) Dicolporate grain, Sample U0100A-17R-1, 68-71 cm (125.08
mbsf). Spores: (G) Symplococites sp., Sample U0100A-16R-1, 97-100 cm (120.77 mbsf); (H)
Foveosporites sp., Sample U0100A-16R-2, 22-24 cm (121.02 mbsf); (I) Gleicheniidites sp.
and Piceapollenites sp., Sample U0100A-17R-1, 68-71 cm (125.08 mbsf); (J)
Cicatricosisporites cf. baconicus, Sample U0100A-16R-2, 22-24 cm (121.02 mbsf). Conifer
pollen: (K) Abiespollenites sp., Sample U0100A-16R-2, 22-24 cm (121.02 mbsf); (L) cf.
Calliasporites, Sample U0100A-16R-2, 22-24 cm (121.02 mbsf); (M) Pinuspollenites sp.,
Sample U0100A-16R-2, 22-24 cm (121.02 mbsf); (N) Podocarpidites sp., Sample U0100A16R-2, 22-24 cm (121.02 mbsf).
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7.4.3.1 Natural Remanent Magnetization and Magnetic Susceptibility
The intensity of NRM after 20-mT demagnetization ranges from ~10-5 to ~0.1 A/m
(Fig. 7.4-F6). Within Lithostratigraphic Unit I (<120.62 mbsf), the intensity is on the order
of 10-2 A/m and in the few results obtained from below the unconformity the intensity
drops by two orders of magnitude. A magnetic overprint with steep positive inclinations,
which was probably acquired during drilling, was usually erased by the 20-mT
demagnetization step (Fig. 7.4-F7).
The demagnetization behavior of four discrete samples and two split-core
measurements that yielded good PCA results is illustrated in Figure 7.4-F7. Most of the
discrete samples display a soft magnetic overprint that was removed with 15-20 mT AF
demagnetization, demonstrating that this magnetic cleaning level is sufficient to eliminate
the overprint.

Figure 7.4-F6. Summary of paleomagnetic data and magnetostratigraphy at Site U0100.
Discrete sample locations are indicated in the declination and inclination columns by red
symbols. The polarity stratigraphic interpretation is given with black intervals
representative of normal polarity, white intervals representative of reversed polarity, and
striped intervals indicating no recovery. NRM intensity, declinations, and inclinations prior
to demagnetization are plotted with blue symbols and after 20-mT demagnetization with
green symbols.
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Figure 7.4-F7. Demagnetization results for four discrete samples and two split-core
measurements. For each sample, the plot to the right shows the vector end points of
paleomagnetic directions on vector demagnetization diagrams or modified Zijderveld plots
(red squares are inclinations and blue circles declinations), and the plot to the left shows
the intensity variation with progressive demagnetization. Those data outlined in black
were used to compute mean directions from principal component analysis. All vector
demagnetization diagrams illustrate the removal of a steep drilling overprint by about 15
mT, with the remaining magnetization providing a well-resolved characteristic remanent
magnetization. The diagrams at the middle and bottom right are from the brief reversed
interval in the Brunhes Chron and the diagrams at the bottom illustrate the excellent
behavior of a normally and reversed part in the archive split-core section during stepwise
demagnetization.
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Magnetic susceptibility measurements were made on whole cores as part of the
Whole-Round Multisensor Logger (WRMSL) analysis and on split-core sections using the
Section-Half Multisensor Logger (SHMSL; see section "7.5 Physical Properties"). Magnetic
susceptibility is consistent between the two instruments (Fig. 7.4-F6 first panel; split-core
measurements are offset by a factor of 10) and in general parallel to the intensity of
magnetic remanence, which varies between 10-5 and 10-2 SI volume units.
7.4.3.2 Magnetostratigraphy
Only magnetic inclinations were used for the magnetostratigraphic interpretation at
this site. The geomagnetic field at the latitude of Site U0100 (74.76°) has an expected
inclination of 82.2°, assuming a geocentric axial dipole field model, which is sufficiently
steep to determine magnetic polarity in RCB cores that lack horizontal orientation.
Magnetic inclinations indicate that only the Brunhes (C1n) Chron is recorded above
the unconformity at 120.62 mbsf; however, it cannot be determined from the magnetic
polarity alone if the Brunhes Chron is complete, especially because core recovery is poor
and biostratigraphic datums are scarce. An interval of reversed polarity, confirmed by
stepwise demagnetization of the split-core sections and by discrete samples (Figs. 7.4-F6
and 7.4-F7), occurs between 23.8 and 26.5 mbsf, only slightly deeper than in Hole U0110C,
which is only ~800 m from Site U0100. As discussed in section “4.4.3.2
Magnetostratigraphy”, it is likely that this interval represents one of the short geomagnetic
excursions that occur within the Brunhes Chron (for review see Laj and Channell, 2007).
The normal polarity interval below the lithological unconformity at 120.62 mbsf is
constrained by palynomorphs to the middle to late Albian and assigned to Superchron
C34n (83.64–125.93 Ma).
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7.5 Physical Properties
7.5.1 Overview
Site U0100 was located approximately 800 m from Site U0110 (see section “4.5
Physical Properties”) and drilled through essentially the same Quaternary diamict to an
angular unconformity at 120.62 mbsf. Only two cores penetrated pre-Quaternary
sediments below the unconformity. Recovery was generally poor, with a number of cores
containing only washed gravel clasts in the core catcher. Therefore the Whole-Round
Multisensor Logger (WRMSL) was only used to measure sediment physical properties on
core sections from below 23.70 mbsf where recovery was higher (more than ~0.3 m per
section). Natural gamma radiation (NGR) was measured on sections >~0.5 m in length
containing unconsolidated sediment only. Similarly, only sections containing
unconsolidated sediment were measured using the Section-Half Multisensor Logger
(SHMSL). Discrete samples were taken at the rate of one per every second section. One
sample was taken from pre-Quaternary sediments.

7.5.2 Measurements and Data Analysis
7.5.2.1 Whole Round Measurements
Measurements with the WRMSL were obtained at 2.5 cm intervals for gamma ray
attenuation (GRA) wet bulk density and magnetic susceptibility (MS) for Cores U0100A-4R
to -10R, -12R and -16R to -17R. Natural gamma radiation was measured at 10 cm intervals
for the same cores with the exception of Cores U0100A-6R and -7R, which were deemed to
contain too little sediment to yield a useful measurement. Compressional wave velocity
(Vp) measurements were disabled as the thinner diameter of most RCB cores relative to the
core liner precludes Vp measurements on the WRMSL.
We have filtered the GRA density and MS data to remove spurious points caused by
voids in the core and section breaks using a MATLABTM routine and applied the density
correction factor of Jarrard and Kerneklian (2007), which attempts to correct for the under
size nature of RCB cores relative to the liner (see section “2.5 Physical Properties”). These
filtered GRA density and MS data from Hole U0100 are recorded in Appendix Table U01007.5-AT1.
7.5.2.2 Split Core Color Spectroscopy
Color reflectance was measured at a resolution of 2.5 cm and the results are
reported in the CIELAB color scale in terms of lightness (L*) and color indices a* (green to
red, with green negative and red positive) and b* (blue to yellow, with blue negative and
yellow positive). The values obtained for Site U0100 are highly similar to the ones obtained
for the diamict recovered from Site U0110 (see “4.5 Physical Properties”). These data are
recorded in Appendix Table U0100-7.5-AT2.
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7.5.2.3 Discrete Sample P-Wave Velocities
Due to the relatively unconsolidated nature of the diamict we were unable to cut
standard 8 cm3 cubes for Vp velocity measurements, with the exception of one sample from
pre-Quaternary sediments. We attempted to measure Vp on split core in the x direction
only, but the signal amplitude was very low and the results were considered unreliable and
are not reported here. Vp was measured on a single cube sample from Cretaceous finegrained sandstone at 124.56 mbsf in x, y and z orientations using the PWS 3 “caliper”
system yielding velocities of 2270, 2400 and 2290 m/s respectively. These measurements
have not been corrected to in situ temperature and pressure conditions.
7.5.2.4 Moisture and Density (MAD) Measurements
Gravimetric and volumetric determinations of moisture and density were made on
eight samples and the data are included in Appendix Table U0100-7.5-AT3. Wet mass, dry
mass, and dry volume were measured, and from these measurements, percentage water
weight, porosity, dry density, bulk density, and grain density were calculated (see section
“2.5 Physical Properties”). The bulk density ranged from 2.15 to 2.39 g/cm3, dry density
from 1.87 to 2.18 g/cm3 and grain density from 2.59 to 2.74 g/cm3. Porosities varied from
19% to 28%. Only the single cube from 124.56 mbsf was soaked in seawater under vacuum
to saturate pore space. Samples from the Quaternary diamict were placed in vials and
transferred directly to the balance for wet weight measurement.

7.5.3 Downhole Trends in Physical Properties
7.5.3.1 Lithostratigraphic Unit I
Lithostratigraphic Unit I extends from the seafloor to 120.62 mbsf and consists of
poorly stratified clast-rich muddy to sandy diamict. All physical parameters are consistent
with those measured in more detail in Lithostratigraphic Unit I at Site U0110 (see section
“4.5 Physical Properties”). GRA density averages 2.39 g/cm3, with a maximum of 3.12
g/cm3, and magnetic susceptibility averages 4.510-3 SI, with a maximum of 5.510-2 SI.
Positive “spikes” in both density and susceptibility are attributable to the presence of large
dropstones within the core liner. Natural gamma radiation (NGR) within Cores U0100A-8R
and -9R, where recovery was best, average ~59 cps. Porosity and grain density measured
on seven samples of diamict matrix average 23% and 2.69 g/cm3 respectively, with little
scatter. The color parameters presented similar characteristics to those observed for Site
U0110 (see “4.5 Physical Properties”). The values of L* varied from ~16 to 53, a* ranged
from -2 to 6.8 and b* from -13.2 to 9.3.
7.5.3.2 Lithostratigraphic Unit II
Lithostratigraphic Unit II contains carbonaceous claystone and laminated sandstone
that comprises only 1.93 m of sediment recovered between 120.62 and 129.40 mbsf, with
the first meter highly disturbed by drilling. Magnetic susceptibility averages 2.710-4
2.67*10-4 SI, an order of magnitude decrease from the overlying diamict. A single magnetic
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susceptibility spike at 121.58 mbsf is caused by the presence of a siderite-cemented
concretion.
Density measurements from a single discrete sample from laminated sandstone at
124.56 mbsf give bulk and grain densities of 2.35 g/cm3 and 2.56 g/cm3, respectively. This
slightly low density probably reflects mixing of a minor carbon component (with densities
of about 1.0–1.5 g/cm3) with a major aluminosilicate component (with densities of 2.65–
2.7 g/cm3). The porosity for this sample is 14%, within the 9%–23% range for the
sandstone intervals from Site U0110. Velocity measurements from this same sample yield a
relatively low mean value of 2320 m/s, which may be a consequence of the loss of confining
pressure relative to in situ conditions. There is no evidence of velocity anisotropy.
As at Site U0110, natural gamma radiation follows changes in grain size, with sandy
sediments in the upper half of Core U0100A-16R and all -17R having similar counts to the
overly diamict (~55 cps) while carbonaceous mudstone in the lower half of Core U0100A16R has up to 130 cps. This correlation is due to a greater abundance of gamma ray
emitting U, Th, and K commonly hosted in clay minerals, which results in higher counts for
finer-grained rocks.

7.5.4 References
Jarrard, R.D. and Kerneklian, M.J., 2007. Data report: physical properties of the upper
oceanic crust of ODP Site 1256: multisensor track and moisture and density measurements.
In Teagle, D.A.H., Wilson, D.S., Acton, G.D., and Vanko, D.A. (Eds.), Proc. ODP, Sci. Results,
206: College Station, TX (Ocean Drilling Program), 1–11.

7.5-3

Chapter 7. Site U0100
7.6 Geochemistry

Proceedings of the Baffin Bay
Scientific Coring Program

7.6 Geochemistry
Shipboard organic geochemical studies of cores from Site U0100 included
monitoring of hydrocarbon gases, measuring total carbon, carbonate carbon, total organic
carbon, and total nitrogen contents, and characterizing organic matter by pyrolysis assay.
Procedures are summarized in the “Methods” chapter (section “2.6 Geochemistry”).

7.6.1 Hydrocarbon Gases
Where possible cores from Hole U0100A were monitored for gaseous hydrocarbons
by the headspace (HS) gas technique; results are reported in Table 7.6-T1; Figure 7.6-F1. A
total of 13 samples were analyzed using the GC-3 system. One sample of core liner air space
was analyzed on the NGA. Data reported are in parts per million by volume (ppmv). Due to
poor recovery, no samples could be taken from Cores U0070A-1R, 3R, 13R, 14R, and 15R.
In the very top of Hole U0100A headspace methane concentrations were very low.
Between 25 and 92 mbsf (Core U0100A-4R to 12R) methane levels are relatively constant
in the range of 3000–7000 ppmv. Methane levels were much higher in Core U0100A-16R
(120 mbsf), with a concentration of 114,000 ppmv at the bottom of Core U0100A-16R. Core
U0100A-17R contained 38,000 ppmv of methane. Ethane was measurable from the first
sample with elevated methane in Core U0100A-4R and reaches 70 ppmv at the bottom of
Core U0100A-16R. Methane/Ethane levels were always higher than 1,000.
Table 7.6-T1. Gas analyses from Site U0100.
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Figure 7.6-F1. Hydrocarbon gases Hole U0100A. Concentrations of methane (in ppmv) for
Hole U0100A. Black bars on the left site indicate recovery for each core.
The gas geochemistry profiles at Site U0100 were similar to those of nearby Site
U0110, but displaced upward by about by about 40 m. The high level of methane in Core
U0100-16R was noted as Core 17R was being cut. This level was considered sufficiently
high in light of what had been observed at the nearby Site U0110 that a decision was made
to cease coring operations in Site U0100 and recover the short Core 17R (see “7.2
Operations)
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7.6.2 Carbon and Nitrogen Analyses
Inorganic carbon (IC), total carbon (TC), total organic carbon by difference
(TOCCHNS), and total nitrogen (TN) were analyzed in 10 sediment samples from Hole
U0100A over depths ranging from 24 to 125 mbsf (Table 7.6-T2, Fig. 7.6-F2 and F3).
At Hole U0100A, carbonate content is uniformly below 5 wt% in the diamict. High
carbonate content (20 wt%) is noted in the upper part of Lithostratigraphic Unit II
(carbonaceous claystone) in Sample U0100A-16R-2, 20-23 cm (121.49 mbsf). This high
value possibly results from the calcite veins noted in coherent rock pieces in Core 16R (see
“7.3 Lithostratigraphy”).
Table 7.6-T2. Carbon and elemental composition from Site U0100.

Organic content is very low, with values less than 1 wt%, in Lithostratigraphic Unit I.
These results for the upper part of Site U0100, comprising glacial sediments, are similar to
those of the upper part of the nearby Site U0110. In contrast, the organic carbon content in
samples from Lithostratigraphic Unit II is about 3–5 wt%, similar to the Cretaceous
material recovered at Site U0070, but somewhat lower relative to the recovered Cretaceous
material from Sites U0110 and U0080. Whether these low organic carbon values are
representative for the entire Cretaceous section at U0100 is uncertain as only the
uppermost section was recovered.
The C/N ranges from 2 to 7 in the Quaternary glacial sediment (Fig. 7.6-F3), possibly
indicating a dominant marine algae origin for the organic matter. The C/N ratio for
Lithostratigraphic Unit II is also lower as recorded in the Cretaceous sections of other sites,
with the exception of Site U0070.
The C/N ranges from 2 to 7 in the Quaternary glacial sediments (Fig. 7-6-F3), which
is probably an artifact of low TOC concentrations. The C/N ratios of 10.5 and 17.5 for the
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two samples from Lithostratigraphic Unit II are not as high as values observed in the
Cretaceous sections at other sites, probably also due to somewhat lower carbon contents.
The interpretation that high C/N ratios could indicate an organic matter source from
vascular land plants (Stein et al., 1989) is inconsistent with the organic matter
characterization by pyrolysis, and probably is not valid for Cretaceous black shale
sequences (Meyers, 1997). An alternative explanation proposed for low nitrogen contents
of some marine organic matter is selective early degradation of nitrogen-rich components
(Twichell et al., 2002).

Figure 7.6-F2. Total Organic carbon and CaCO3. Total organic carbon content (wt%, black
line) and calcium carbonate content (wt%, blue line) for a selected number of samples at
Hole U0100A. Black bars on the left site indicate recovery for each core.
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Figure 7.6-F3. Total Organic carbon and C/N ratios. Total organic carbon content (wt%,
black line) and C/N ratios (green line) for a selected number of samples at Hole U0100A.
Black bars on the left site indicate recovery for each core. C/N ratios around six are typical
for marine algae, while C/N ratios greater than 15 are typical for higher land plants (Stein
et al., 1989).

7.6.3 Organic Matter Pyrolysis
A total of 10 samples from Hole U0100A were characterized by SRA pyrolysis (Table
7.6-T3). The organic carbon content obtained using SRA pyrolysis is in good agreement
with the results of the carbon and elemental analyses and indicates a low organic carbon
content for the Quaternary glacial sediments and 2.8–4.0 wt% for the three samples from
the Cretaceous claystones in Cores U0100A-16R and -17R.
For the plot of Hydrogen Index (HI) vs. Oxygen Index (OI) only the three samples
with high organic content from Cores U0100A-16R and 17R were used (Fig. 7.6-F4). The
three samples have low HI and OI and plot along the Type I-II evolution path.
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Table 7.6-T3. Pyrolysis (SRA) evaluation of organic matter from Site U0100.

Figure 7.6-F4. Hydrogen index vs. oxygen index. Roman I-III indicate different types of
kerogen. Only the three samples of Cores U0100A-16R and -17R are shown.
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8.1 Site Summary
8.1.1 Highlights
Site U0083 (75.581565°N, 65.071973°W, 131.1 m water depth) was a secondary
target to be drilled if the opportunity arose, which it did owing to the abundance of
icebergs and growlers over the northern sites. Any core recovery from this site is thus
considered a bonus in what was otherwise a very tight schedule for the Baffin Bay Scientific
Coring Program (BBSCP).
Site U0083 reached a depth 104.60 mbsf, close to the intended depth of 140 mbsf,
and accomplished several BBSCP objectives. Highlights include:








Determining that the primary lithologies in the Cretaceous section are carbonaceous
claystones or carbonaceous mudstones with sandy siltstones, and that the
Quaternary section is a clast-rich diamict.
Estimating the age of the sediments underlying the diamicts as late Cenomanian to
early Turonian (~92–96 Ma) from the presence of dinoflagellates, pollen, and
spores.
Finding that no apparent Tertiary section underlies the Quaternary glacial
sediments, and that the unconformity at ~35.07 mbsf is a glacial erosion surface,
with a hiatus of about 90 m.y.
Reconstructing the paleoenvironmental setting from sedimentological,
paleontological, and geochemical evidence to conclude that Site U0083 was located
in a marine environment on the mid to outer shelf.
Characterizing seismic velocity, porosity, and density of the rock units.
Confirming that high concentrations of biogenic methane gas occur in the organicrich units beneath the glacial sediment.
Estimating the source rock potential of the carbonaceous units in Lithostratigraphic
Unit II, which indicate that the organic matter is relatively immature with respect to
hydrocarbon generation.

8.1.2 Background and Objectives
Site U0083 is a new site added during the cruise. It is only about 2 km southeast of
Site U0080 and, as such, is part of the Site 6 region in the GEMS Geophysical Report (GEMS
International Group of Companies, 2011, unpublished report). The site is located on the
northwest Greenland continental shelf, at the southeast end of the Kap York Basin and near
the western edge of the Melville Bay Graben (Figs. 8.1-F1 and 8.1-F2).
The seismic reflection profiles across the site show a thin veneer of sediments,
interpreted prior to the expedition as Quaternary glacial sediments, overlying a southwest
dipping sequence of pre-Quaternary strata (Figs. 8.1-F3). Below about 150 mbsf, the
seismic reflections are poorly resolved in what is referred to as a “wipeout” zone.
Penetration was limited by the Texas A&M University Safety Panel to avoid the wipeout

8.1-1

Chapter 8. Site U0083
8.1 Site Summary

Proceedings of the Baffin Bay
Scientific Coring Program

zone given that the exact nature of the strata could not be discerned from the seismic
records.

Figure 8.1-F1. Structural elements of Melville Bay area (after Whittaker et al., 1997).
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Figure 8.1-F2. Site locations with bathymetry and seismic lines.

Figure 8.1-F3. Crossing seismic reflection profiles through Site U0083.
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The site was originally planned to penetrate ~30 m of Quaternary sediment and
then focus on recovering ~110 m of pre-Quaternary sediments. The primary objectives for
coring were to:




Obtain stratigraphic information about the cored section, with a focus on the
lithologies, ages, and paleoenvironmental settings;
Estimate potential source rock characteristics;
Determine the physical properties of the rock units for evaluating potential
reservoir properties and improving seismic velocity models (depth vs. time curves).

A secondary objective, of interest to the science team and approved by the consortium of
companies who funded the BBSCP, was to study the Quaternary section to learn more
about the glacial history of Greenland.

8.1.3 Coring Summary
A single RCB hole was cored to a total depth of 104.60 mbsf at Site U0083 (Table
8.1-T1). In total, 19.17 m of core were recovered from the 13 cores collected from Hole
U0083A, with 3.85 m in the Quaternary section and the other 15.32 m in the Cretaceous
section. The average core recovery was only 18% (Tables 8.1-T1 and -T2). Each core took
on average 2.0 hrs to collect. This includes wireline time, time to wait for headspace gas
results from the prior core before coring was resumed, and other operations that took
place between cores. Using this time, the core recovery rate was between 1.5 m/hr and 9.3
m/hr, with an average of 4.8 m/hr (Table 8.1-T2). Additional coring statistics are provided
for the hole, cores, and sections in Tables 8.1-T1, -T2, and Appendix Table 8.1-AT2,
respectively.
Table 8.1-T1. Hole summary for Site U0083.
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Table 8.1-T2. Core summary for Site U0083.

8.1.4 Science Results
8.1.4.1 Lithology
Two lithostratigraphic units and three lithofacies are defined at Site U0083.
Lithostratigraphic Unit I (0–35.07 mbsf) consists of clast-rich sandy or muddy diamict and
washed gravels (Facies 1) (Fig. 8.1-F4). Other than reworked microfossils (planktonic
foraminifera and one nannofossil), only benthic foraminifera were observed in Unit I
indicating subglacial or early post-glacial glacimarine deposition. Unit I unconformably
overlies Unit II.
Lithostratigraphic Unit II (35.07–104.60 mbsf) consists of carbonaceous claystones
or carbonaceous mudstones (Facies 2) interbedded with sandy siltstones (Facies 3).
Sediments of Unit II are interpreted to record marine deposition beneath a stratified water
column within reach of terrestrial sources of vegetation and clastic material.
8.1.4.2 Ages
Lithostratigraphic Unit I (0-35.07 mbsf) can be broadly assigned a Quaternary age
based on the presence of benthic foraminifera characteristic of the northern high latitudes
(Fig. 8.1-F4). The magnetostratigraphy records normal polarity and is assigned to the
Brunhes Chron (C1n; 0–0.781 Ma).
Lithostratigraphic Unit II (35.07-102.50 mbsf) is barren of calcareous nannofossils,
foraminifera, and diatoms, but contains datable palynomorph assemblages that indicate a
late Cenomanian to early Turonian age (Fig. 8.1-F4). A late Cenomanian age is suggested
based on the presence of the dinoflagellate taxa Cauveridinium membraniphorum,
Chantangiella tripartita, Isabelidinium acuminatum, Isabelidinium magnum, and
Trithyrodinium suspectum, together with the two pollen species, Rugubivesciculites rugosus,
Rugubivesciculites multisaccus and by the absence of the dinoflagellate taxa Chatangiella
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granulosum, Chantangiella verrucosa, and Heterosphaeridium difficile (Costa and Davey
1992; Bell and Selnes 1997; Williams et al. 2004), whereas the pollen and spore
assemblage indicates a longer timespan based on the record of a diverse, yet small (~10
µm) angiosperm taxa, Normapolles pollen, and early Lorantaceous taxa, which is consistent
with a late Cenomanian to early Turonian age (Traverse, 1988). This age range falls within
the Cretaceous Long Normal Polarity interval (Superchron C34n; 83.64–125.93 Ma), which
is consistent with the observed magnetic normal polarity of the recovered sediment.
8.1.4.3 Facies and Paleoenvironmental Setting
The lithologic succession was divided into three lithofacies with distinct
sedimentological characteristics indicative of their depositional environment (see “8.3
Lithostratigraphy”). Facies 1, the clast-rich muddy or sandy diamict, defines Unit I and is
interpreted as a glacial to early post-glacial marine till, based on its lithologically diverse
pebble- and cobble-sized clasts, largely unstratified sedimentation pattern and
stratigraphic position. The presence of Quaternary benthic foraminifera within the diamict
of Cores U0083A-1R and -2R (see 8.4 Chronostratigraphy) suggests a glacimarine
environment in which clastic material was likely deposited as “rain-out tills” from beneath
ice shelves. There is little evidence of open water conditions, as planktonic foraminifera,
diatoms and nannofossils were not observed. Benthic foraminifera were absent in the
sediments of Cores U0083A-3R through -5R making it possible that deposition occurred
from grounded ice as lodgement till.
Unit II is composed solely of Facies 2 and 3. The fine-grained nature of carbonaceous
claystones/mudstones (Facies 2) indicates deposition in a low energy environment. Very
fine laminations, a general lack of bioturbation and high organic carbon and pyrite contents
suggest dysoxic to anoxic seafloor conditions (Arthur and Sageman, 1994). Low oxygen
(O2) conditions often develop in stratified water columns where the supply of organic
matter and its subsequent rate of decomposition exceed the rate of oxygen replenishment
(Tyson and Pearson, 1991; Wignall, 1994). Facies 2 were most likely deposited at a depth
below the reach of storm waves, since wind-driven waves break down water column
stratification and replenish dissolved O2.
Facies 3 is only recovered as thin sandy siltstone interbeds (<10cm) within Facies 2
making it reasonable to infer that they represent short-lived depositional events, perhaps
driven by changing weather conditions (storm events). The presence of diverse
sedimentary structures in the sandy siltstones (e.g. graded bedding, ripple crossstratification, scours and convolute bedding) indicates deposition by currents under
rapidly fluctuating energy conditions. However, the typical grain-size of Facies 3 is coarse
silt, and maximum grain-sizes do not exceed medium sand, implying the environment
never experienced current speeds above ~20 cm/s (Davis, 1985) and/or Site U0083 was
distal from coarse clastic sedimentary sources.
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Currents generated by storms are capable of reaching areas of the shelf below wavebase and similarly hyperpycnal plumes originating from rivers oversaturated with
sediment due to upland flooding can extend for tens of kilometers offshore (Leithold and
Hope, 1999). Such deposition from river input may account for the plant fragments and
terrestrial organic matter observed in the sediments at Site U0083. Additionally, brief reoxygenation of the seafloor by these currents can also account for sparse bioturbation
observed where the sandy siltstone (Facies 3) packages grade into carbonaceous
claystones/mudstones (Facies 2). The paleodepositional environment of Unit II is
interpreted as mid- to outer-shelf, or possibly shallower if sufficiently sheltered from the
forces of winds, strong currents and waves. This is consistent with the occurrence of, in
addition to a marine dinoflagellate cyst assemblage, a few specimens of the presumed
brackish water species Nyktericysta davisii with very long post- and pre-cingular horns.
This species occurs in the upper part of the Upernivik Næs Formation, West Greenland,
together with the brackish water dinoflagellate Quantouendinium dictyophorum, as well as
in a single sample from a fully marine interval of the Atane Formation at Ikorfat, West
Greenland (Nøhr-Hansen, 2005, 2008; Dam et al., 2009).
The pollen assemblages correspond to plant communities within well-developed
swamp environments in a very warm and moist climate. An up-core increase in angiosperm
pollen is noted alongside a decline in coniferous trees. A marginal marine setting is inferred
with significant freshwater input.
8.1.4.4 Physical Properties
Limited data were obtained from Lithostratigraphic Unit I (diamict). These have
physical properties similar to the diamict from Sites U0080, U0100, and U0110 (see
sections “4.5, 5.5, and 7.5 Physical Properties”). In Lithostratigraphic Unit II, carbonaceous
claystone represents the most common lithology and exhibits relatively uniform properties
(Vp 2310 ±370 m/s, grain density 2.61 ±0.02 g/cm3, and porosity 26%±3%).
For Lithostratigraphic Unit I, magnetic susceptibility averages ~0.05 SI. Porosity
and grain density measured on seven samples of diamict matrix average 23% and 2.71
g/cm3 respectively, and show little scatter.
Lithostratigraphic Unit II exhibits lithologic homogeneity, which is reflected in
relatively little variability in its physical properties down hole (Fig. 8.1-F4). The exception
are intervals where pore space has been filled with Fe, Ca, Mg carbonate cement, which
causes an increase in the Vp values and bulk density together with a decrease in porosity.
Magnetic susceptibility values for this unit are on average ~10-4 SI. There is very little
variation in grain density downhole. Downhole trends within this unit are most evident in
NGR data which systematically increase from ~22 to 84 cps.
8.1.4.5 Geochemistry
Methane headspace gas concentrations at Site U0083 were low in the top of Hole
U0083A, but increased to values exceeding 100,000 ppmv below 60 mbsf (Fig. 8.1-F4).
High methane/ethane (C1/C2) ratios and absence of the higher hydrocarbons indicates that
the methane is of biogenic origin. Carbonate content in Hole U0083A is low with values
below 5 wt%. Only Cores U0083A-9R and 10R have higher carbonate content with a
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maximum value of 69 wt% (Fig. 8.6-F2). Organic carbon content is below 1 wt% in Cores
U0083A-1R to 3R, corresponding to the Quaternary, and between 2 and 8 wt% in the
underlying Cretaceous material. The results from the source rock analyzer (SRA) indicate
that these Cretaceous samples contain Type II (marine) kerogen. The relatively low Tmax
(<430 °C) and production index (PI) values indicate that the organic matter is relatively
immature with respect to hydrocarbon generation. Empirical Tmax vs. depth correlations for
continuously subsiding sediments suggest maximum burial depth of less than 1 km for the
Cretaceous material from Site U0083.
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8.2 Operations
8.2.1 Transit to Site U0083
On 31 August 2012, the JOIDES Resolution (JR) was located over Hole U0070A in
preparation for reentering and coring in this hole. The reentry was halted due to
approaching ice. Neither Site U0070 nor neighboring Site U0061 could be occupied for
many hours due to ice, and so the JR departed at 2000 hrs on 1 September 2012 for
alternate Site U0090 (also known as Site USC090). Upon arrival at this site, it too had
surrounding ice and so coring operations were not possible. Site U0090 was not cored then
or during the rest of the expedition.
To improve the chances of finding an ice-free site while continuing to increase
stratigraphic coverage, we requested permission to core at several new alternate sites,
including Sites U0081, U0082, and U0083 (Fig. 8.2-F1). These were approved by the Texas
A&M University Safety Panel, although only Sites U0082 and U0083 were cored during the
expedition. The seabed at all three sites was surveyed using the Vibration Isolated
Television (VIT) camera on 2–3 September, during which the ice conditions were not
favorable for coring but permitted the short ~2 hour surveys over each site.

Figure 8.2-F1. Location map of sites cored during the Baffin Bay Scientific Coring Program.
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After finishing the seabed survey at Site U0081, the JR transited back toward Site
U0083 at 0200 hrs on 3 September in dynamic positioning (DP) mode. The bottom-hole
assembly (BHA) was assembled during this transit. Icebergs in the vicinity of Site U0083
forced us to wait on ice until 1330 hrs on 4 September, at which time we began the final DP
transit to the site. The JR arrived on site for the beginning of coring operations at 1630 hrs
on 4 September 2012.

8.2.2 Site U0083 Operations
Operations at Site U0083 began at 1630 hrs on 4 September. Operations for the first
2 hours on site included deploying a positioning beacon, positioning the vessel over the site
coordinates, and running the bit down to near the seafloor. These and other Site U0083
operations are listed in chronological order in Table 8.2-T1 and illustrated in Figure 8.2-F2.

Figure 8.2-F2. Planned and actual operations at Site U0083.
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Hole U0083A was spudded with the rotary core barrel (RCB) system at 1830 hrs on
4 September. The first four cores poorly recovered part of the ~35 m thick Quaternary
overburden (see section “8.3 Lithostratigraphy”). Coring proceeded rather uneventfully
down to Core U0083A-11R (90.6–94.9 mbsf), where headspace gas was 125,893 ppmv. At
that time, we had an imposed limit of about 100,000 ppmv, above which coring deeper was
to be done only after additional headspace measurements and consultation with the
geochemists. Core U0083A-12R (94.9–99.9 mbsf) gave variable results, with the first
measurement coming in at 65,235 ppmv and the second at 108,134 ppmv. Core U0083A13R (99.9–104.6 mbsf) produced similar variable results with the first measurement
coming in at 63,185 ppmv and the second at 116,280 ppmv. This variable nature of
headspace gas and the general lack of ethane was a good indicator that the gas was being
generated locally in organic-rich layers by microbial methanogenesis. Hence, there was no
threat of a thermogenic source of gas even though the methane concentrations were high.
With an iceberg and several growlers approaching the site in conjunction with the
high methane gas and a total depth (TD) of 104.6 mbsf that was close to the planned depth
of 140 mbsf, coring was halted at 2015 hrs on 5 September. A total of 19.17 m of core were
recovered from the 13 cores drilled, giving a core recovery of 18% for the hole. Other
coring statistics are provided in section “8.1 Site Summary” (Tables 8.1-T1 and -T2).
At 2045 hrs on 5 September, the VIT camera was deployed with the Fugro
positioning beacon to confirm the position of the site and to ensure no flow was coming
from the hole. No flow was observed. The VIT camera was recovered, the pipe tripped to
the surface, the beacon recovered, and the rig secured for transit, with operations at Hole
U0083A ending at 0148 hrs on 6 September 2012.
Table 8.2-T1. Site U0083 operations.
Date

Time (hrs)

Hours

Location

Activity

1-Sep-12

1900-1930

0.50

Standby

Secure rig for transit.

1-Sep-12

1930-2000

0.50

Standby

Pull thrusters.

1-Sep-12

2000-2230

2.50

Transit

Underway to location coordinates for Site U0090. End sea passage
at 2218 hrs. Ice present in the site area.

1-Sep-12

2230-2300

0.50

Standby

Lower thrusters.

1-Sep-12

2300-2400

1.00

Standby

Continue waiting on ice (WOI) near Site U0090.

2-Sep-12

0000-1245

12.75

Standby

WOI. Five additional (new) sites proposed in a package sent in for
safety panel approval.

2-Sep-12

1245-1700

4.25

DP Move

Move in DP mode to tentative site U0083 to conduct pre-spud
camera survey.

2-Sep-12

1700-1800

1.00

U0083

Assemble “survey” BHA and RIH to 140 mbrf.

2-Sep-12

1800-1930

1.50

U0083

Deploy VIT subsea camera and conduct seabed survey at site
U0083.

2-Sep-12

1930-1945

0.25

U0083

Pull pipe back to 55 mbrf.
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Date

Time (hrs)

Hours

Location

Activity

2-Sep-12

1945-2230

2.75

DP Move

Move in DP mode to tentative site U0082 to conduct pre-spud
camera survey.

2-Sep-12

2230-2245

0.25

U0082

RIH to 204 mbrf.

2-Sep-12

2245-2400

1.25

U0082

Complete seabed survey with VIT mounted subsea camera at Site
U0082.

3-Sep-12

0000-0115

1.25

U0081

Complete seabed survey with VIT mounted subsea camera at Site
U0081.

3-Sep-12

0115-0200

0.75

U0081

POOH with logging BHA. Clear rotary at 0200 hrs while beginning
to move vessel back to Site U0083.

3-Sep-12

0200-0215

0.25

DP Move

3-Sep-12

0215-0330

1.25

U0083

Continue to move in DP mode to Site U0083. Iceberg approaching.
Pull back pipe to 30 mbrf and initiate ice avoidance.

3-Sep-12

0330-2400

20.50

U0083

Waiting on ice (WOI)

4-Sep-12

0000-1330

13.50

Standby
location ~3
Nm
southwest of
Site U0083

4-Sep-12

1330-1630

3.00

DP Move

4-Sep-12

1630-1830

2.00

Hole U0083A

4-Sep-12

1830-2400

5.50

Hole U0083A

5-Sep-12

0000-1200

12.00

Hole U0083

5-Sep-12

1200-1730

5.50

Hole U0083A

5-Sep-12

1730-1930

2.00

Hole U0083A

5-Sep-12

1930-2015

0.75

Hole U0083A

5-Sep-12

2015-2045

0.50

Hole U0083A

Assemble RCB BHA and RIH to 85 mbrf.

Waiting on ice (WOI). Continuing to monitor ice conditions at
multiple site locations using satellite imagery, radar, and visual
observations. Weather forecasts, particularly wind speed and
direction increasingly important as growler fields are more
heavily influenced by wind than by tide.
Move in DP mode to Site U0083 position coordinates. Deploy
positioning beacon at 1641 hrs.
RIH with BHA to 114.0 mbrf. Pick-up top drive and space out for
spudding hole. Seabed survey was previously conducted at this
site and no biota colonies were identified.
Tag seafloor with bit at 142.5 mbrf. Precision depth recorder
(PDR) adjusted to rig floor was 144.3 mbrf. Spud Hole U0083A
and begin RCB coring. Cut and recover Cores 1R through 2R to
15.2 mbsf (157.7 mbrf).
Continuous RCB coring. Cut and recover Cores 3R through 8R to
72.0 mbsf (214.5 mbrf).
Continuous RCB coring. Cut and recover Cores 9R through 12R to
99.9 mbsf (242.4 mbrf). Core 12R on deck at 1700 hrs. Waiting on
headspace gas analysis. Core 11R had 125,000 ppmv methane.
Sticky hole. Decided to conduct wiper trip to clean up hole while
waiting on next headspace analysis. POOH to 24.5 mbsf (167
mbrf).
Headspace in Core 12R dropped to 65,000 ppmv methane in the
first sample from core. Resume RCB coring. Second headspace
sample was 108,000 ppmv. Cut and recover Core 13R to 104.6
mbsf (247.1 mbrf). Headspace measurements again inconclusive.
First sample was 63,000 ppm and second sample was 116,000
ppmv methane.
Iceberg encroaching on location along with several growlers.
POOH with top drive to 15.5 mbsf (158 mbrf).
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Date

Time (hrs)

Hours

Location

Activity

5-Sep-12

2045-2115

0.50

Hole U0083A

Deploy VIT subsea camera and determine Fugro hole position
while observing hole.

5-Sep-12

2115-2230

1.25

Hole U0083A

POOH. Clear seafloor at 2115 hrs. Continue to POOH to 134.0
mbrf. Set back top drive.

5-Sep-12

2230-2245

0.25

Hole U0083A

Recover VIT.

5-Sep-12

2245-2330

0.75

Hole U0083A

Continue to POOH. Bit clear of rotary table at 2330 hrs.

5-Sep-12

2330-2400

0.50

Hole U0083A

Secure rig for transit to Site U0070.

6-Sep-12

0000-0145

1.75

Hole U0083A

Offset vessel in DP mode. Maneuver ship away from growlers and
bergs. Recover positioning beacon. Raise thrusters and secure
vessel for transit.

6-Sep-12

0145-0415

2.50

Underway

Underway to Hole U0070A in cruise mode at 0148 hrs.
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8.3 Lithostratigraphy
8.3.1 Overview
One hole was cored at Site U0083 to a total depth of 104.6 mbsf using the rotary
core barrel (RCB) system. A total of 19.18 m of core was recovered from the 13 cores
collected, giving an average recovery of 18.3% (Fig. 8.3-F1). Washed gravels and diamicts
occur in the upper 35.07 mbsf, an interval spanning the first four cores (U0083A-1R to 4R)
and the upper 47 cm of Section U0083A-5R-1, within which only 3.85 m of sediments were
recovered. The remaining 15.32 m of recovered sediment (below 35.07 mbsf) are
dominated by carbonaceous claystones or mudstones and, in lesser abundance, sandy
siltstones.

8.3.2 Lithostratigraphic Units
Two lithostratigraphic units are defined at Site U0083 (Fig. 8.3-F1).
Lithostratigraphic Unit I (0-35.07 mbsf) consists of clast-rich sandy or muddy diamict and
washed gravels. Lithostratigraphic Unit II (35.07-104.60 mbsf) consists of carbonaceous
claystones or carbonaceous mudstones interbedded with sandy siltstones.
Sediments from Lithostratigraphic Unit I are interpreted as sub-glacial rainout tills
and early post-glacial glaci-marine deposition, due to the presence of Quaternary benthic
foraminifera, and possibly lodgement tills deeper in the unit where benthic foraminifera
are absent. Sediments from Lithostratigraphic Unit II are interpreted to record marine
deposition beneath a stratified water column within reach of terrestrial sources of
vegetation and clastic material. Deposition occurred either on a shelf below storm wavebase or in a shallower “protected” environment, but within reach of storm- or rivergenerated bottom currents.

8.3.3 Facies Descriptions
Three facies were identified at Site U0083 based on sedimentary composition and
grain size differences (see section “2.3 Lithostratigraphy” for a description of grain size
classification and assigned rock names). Sedimentary structures, including very fine
horizontal laminations, organic-rich drapes, graded or convolute beds, and ripple crossstratification, are characteristic of some facies and relate directly to the hydraulic
conditions in the depositional environment.
8.3.3.1 Facies 1 – Washed Gravel/Clast-Rich Sandy or Muddy Diamict
This facies consists of a sand-rich, muddy mixture with little to no internal layering
and granule to cobble-sized igneous, metamorphic and reworked sedimentary clasts (Fig.
8.3-F2). Some sections consist solely of gravels that include pebbles to cobble-size gneiss,
granite, diorite, marble, basalt, and mudstone clasts. In sandier/muddier intervals
Quaternary benthic foraminifera are observed although planktonic foraminifera, diatoms
and nannofossils of the same age are absent (see section “8.4 Chronostratigraphy”).
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Figure 8.3-F1. Recovery and lithology at Site U0083.
8.3.3.2 Facies 2 – Black to Very Dark Gray Carbonaceous Claystone/Mudstone (With Silt)
Clay-sized grains, organic matter, and a black to very dark gray color distinguish the
carbonaceous claystone/mudstone facies (Fig. 8.3-F3). Facies 2 carbonaceous
claystones/mudstones are massive to thinly laminated. Millimeter scale and finer
laminations often appear as slight variations in color from black to very dark brown (Fig.
8.3-F4). Silt content is variable and typically consists of micas and sub-angular quartz, and
less commonly feldspars, phosphate, and rounded carbonate grains. Tiny (<10um)
framboidal pyrite grains are abundant in clay and organic-rich layers, where glauconite, Feoxyhydroxides, and siderite are also observed (Fig. 8.3-F5; Tables 8.3-T1 through -T3).
Whitish-yellowish, quartz-dolomite-calcite veins (3–5mm thick) cut through this facies in
Section U0083A-10R-2 (Fig. 8.3-F6). Occasionally spherical recrystallized carbonate fills
are present and seemingly float in a fine-grained black-brown matrix (Fig. 8.3-F7).
Amorphous organic matter is abundant throughout Facies 2. It appears as cloudy brown
globules in smear slides. Larger bits of plant matter as well as pollen and spores are also
common (Fig. 8.3-F8). Bioturbation is virtually absent. Carbonaceous claystone/mudstone
(with silt) is the dominant facies in Unit II, comprising 85-95% of the recovered section.
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Figure 8.3-F3. Unit II, Lithofacies 2. Core
photograph of typical massive black
carbonaceous
claystone/mudstone
(Interval U0083A-10R-1A, 112-122 cm).
Figure 8.3-F2. Unit I Lithofacies 1. Core
photograph of washed gravels (Interval
U0083A-1R-1A, 40-67 cm) and diamict
(Interval U0083A-3R-1A, 18-28 cm).

Figure 8.3-F4. Laminated black shale.
Detailed photograph of alternating color
laminations in carbonaceous claystone of
Facies 2 (Interval U0083A-10R-1A, 44-47
cm).
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Figure 8.3-F5. Mineral components of Facies 2. Detailed photomicrograph of clays, organic
matter, glauconite, quartz silt and tiny crystals of framboidal pyrite in a carbonaceous
claystone (Interval U0083A-8R-2W, 6-9 cm) at 20x (a) and 50x (b) magnification, planepolarized light.

Figure 8.3-F6. Dolomite-calcite-quartz vein. Detailed photograph of veins cutting through
cemented black carbonaceous claystone/mudstone (Interval U0083A-10R-2A, 44-50 cm).
Close-up photomicrograph of vein showing its composition (crystalline calcite, dolomite
and quartz) at 2.5x magnification, both plane- and cross-polarized light (Interval U0083A10R-2W, 49-51 cm).
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Figure 8.3-F7. Biogenic structures of
Facies 2. Example of recrystallized calcite
filled spheres found in some mudstones
of Facies 2 (U0083A-10R-2W, 70-73 cm),
10x magnification, plane-polarized light.

Figure 8.3-F8. Pollen, spores and organic matter. Close-up images from smear slide of black
claystone from Facies 2 (U0083A-10R-1A, 82 cm), (a) trilete spore, 50x magnification,
plane-polarized light, (b) plant organic matter (cellulose?), 50x magnification, planepolarized light, (c) same as (b) but in cross-polarized light, (d) spore (Cicatricosisporites
sp.), 50x magnification, plane-polarized light (e) pollen grain (Ephedripites sp.) coated with
amorphous organic matter, 50x magnification, plane-polarized light.
8.3-5

Chapter 8. Site U0083
8.3 Lithostratigraphy

Proceedings of the Baffin Bay
Scientific Coring Program

8.3.3.3 Facies 3 – Greenish Black to Greenish Gray (Sandy) Siltstone
Greenish black to very dark to greenish gray siltstone sometimes with very fine to
medium grained sand defines Facies 3 (Fig. 8.3-F9). Sands can be intermixed with silts or
may form 1–2 cm thick well-sorted and graded accumulations within a thicker siltstone
bed (Fig. 8.3-F10). Variable cementation of Facies 3 generates a variety of rock textures
from friable, granular sandy siltstones to hard nodular siltstones with cut surfaces that feel
smooth to the touch. This facies is a minor component of Unit II and is interbedded with
black claystone/mudstone. Siltstones (sometimes sandy) occur either as thin, <1 cm layers
interrupting nearly continuous decimeter (dm)- to meter (m)-scale accumulations of black
claystone (Fig. 8.3-F11) or as thicker (2–10 cm) sandy siltstone beds with diverse
sedimentary structures (Fig. 8.3-F12). Sedimentary structures include thin to thick planar
laminations, scours, low angle climbing ripples, normal grading (on cm scale), lenses,
convoluted bedding and muddy organic-rich drapes. A channel-like scour feature is present
in Section U0083A-13R-1, 39-40 cm (Fig. 8.3-F13). Scours and planar lamination are
common in the thin beds, while sandy lenses, grading and ripple cross-stratification
frequently appear in the thicker sandy siltstones (Fig. 8.3-14). The tops of the thicker (>2
cm) beds often grade into black carbonaceous mudstone hence the “with silt” qualifier in
Facies 2. Bioturbation is sparse, but at times present, especially above thicker silt
accumulations.

8.3.4 Facies interpretations
Facies 1 is interpreted as a glacial to early post-glacial marine till, based on its
sedimentary characteristics and stratigraphic position. The presence of Quaternary benthic
foraminifera within the diamict of Cores U0083A-1R and -2R (see Chronostratigraphy,
Section 8.4) suggests a glaci-marine environment in which clastic material was likely
deposited as “rain-out tills” from beneath ice shelves. There is little evidence of open water
conditions, as planktonic foraminifera, diatoms and nannofossils were not observed.
Benthic foraminifera were absent in the sediments of Cores U0083A-3R through -5R
making it possible that deposition occurred from grounded ice as lodgement till.
The fine-grained nature of carbonaceous claystones/mudstones (Facies 2) indicates
deposition in a low energy environment. Very fine laminations, a general lack of
bioturbation and high organic carbon and pyrite contents suggest dysoxic to anoxic
seafloor conditions (Arthur and Sageman, 1994). Low oxygen (O2) conditions often develop
in stratified water columns where the supply of organic matter and its subsequent rate of
decomposition exceed the rate of oxygen replenishment (Tyson and Pearson, 1991;
Wignall, 1994). Wind-driven waves break down water column stratification and replenish
dissolved O2, indicating that the carbonaceous claystones and mudstones were most likely
deposited at a depth below the reach of storm waves. In the absence of sedimentary
features indicative of downslope transport processes, the environment is interpreted as
mid- to outer- shelf, or possibly shallower if sufficiently sheltered from the forces of winds,
currents and waves.
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Figure 8.3-F9. Unit II, Lithofacies 3. Example of sandy siltstone lithology showing ranges in
color and layering (Interval U0083A-11R-1A, 14-40 cm). Convolute lamination and load
structures in middle of photograph are shown close up in Figure U0082-8.3-F12.

Figure 8.3-F10. Well-sorted and graded siltstone/sandstone of Facies 3. Photomicrograph
of thin section (U0083A-10R-2A, 70-73 cm), 10x magnification, plane-polarized light.
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The dominance of clay and organic matter in Facies 2 suggests relatively low
sediment accumulation rates. Silt content is variable, but in general, its supply rate was not
high enough to dilute the organic carbon content of the sediments or it was supplied during
times when carbon inputs to the system were also enhanced. While the former may be
more common, the latter has been observed in modern sediments accumulating on the
California margin near the Eel River, when floods flush vast quantities of terrestrial carbonrich material from the river mouth out across the shelf (Leithold and Hope, 1999). Such
pulses of organic matter often contribute to dissolved oxygen consumption at the seafloor
as they overwhelm the system. This mechanism may also account for the abundant spores,
pollen and other plant debris observed in smear slides (Fig. 8.3-F8, see also section “8.4
Chronostratigraphy”).

Figure 8.3-F11. Thin sandy siltstone beds of Facies 3. Commonly appear interbedded
within dm- to m- scale Facies 2 deposits. (a) <<1cm bed with irregular contacts (Interval
U0083A-9R-1A, 12-14 cm), (b) slightly thicker <1 cm bed with sub-parallel laminations
(Interval U0080A-12R-2A, 15-26 cm). In this example Facies 3 grades into carbonaceous
mudstone of Facies 2 above.
The presence of graded bedding, ripple cross-stratification, and mud drapes in
sandy siltstones of Facies 3 indicates deposition by turbulent flow related to fluctuating
currents (Davis, 1985). The scour marks, convolute bedding, and occasional sandy lenses
further support a scenario in which sediment accumulated under rapidly changing energy
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conditions. However, the typical grain-size of Facies 3 is coarse silt, and maximum grainsizes do not exceed medium sand, implying the environment never experienced current
speeds above ~20 cm/s (Davis, 1985) and/or Site U0083 was distal from coarse clastic
sedimentary sources. Facies 3 is only recovered as thin interbeds (<10cm) within Facies 2
making it reasonable to infer that the sandy siltstones represent short-lived depositional
events, perhaps driven by changing weather conditions (storm events). Currents generated
by storms are capable of reaching areas of the shelf below wave-base and similarly
hyperpycnal plumes originating from rivers oversaturated with sediment due to upland
flooding can extend for tens of kilometers offshore (Leithold and Hope, 1999). Such
deposition from river input may account for the terrestrial plant material observed in the
sediments at Site U0083. The refractory nature of lignin supplied by trees on land has
enhanced burial potential, surviving even under oxidizing conditions (Cowie and Hedges,
1992), and thus would contribute to the total organic carbon content of the sediments —
although additional preservation of marine-derived organic matter in the fine-grained
claystones of Facies 2 seems likely (see Geochemistry, Section 8.6). Brief re-oxygenation of
the seafloor by these currents can also account for sparse bioturbation observed where the
sandy siltstone (Facies 3) packages grade into carbonaceous mudstones with silt (Facies 2).

Figure 8.3-F12. Sedimentary structures of Facies 3. Photomicrograph of thin section
(U0083A-11R-1A, 29-32 cm) showing load structures and convolute laminations in sandy
siltstone.
As we cannot completely rule out the possibility that Site U0083 was located in a
protected shallow marine setting, the coarser-grained rocks in Facies 3 may be washover
deposits caused by storms breaching the protective barriers, depositing sandy-silt material
and temporarily generating currents.
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Figure 8.3-F14. Current ripple crossstratification.
Example
of
diverse
sedimentary structures in thicker (2-10
cm) sandy siltstone beds of Facies 3. Note
ripple-scale
cross-stratification
and
laminae highlighted by muddy drapes
(Interval U0083A-8R-2A, 54-64 cm).

Figure 8.3-F13. Scour mark. Example
small channel (<1 cm) indicating scour of
Facies 2 by current during the deposition
of Facies 3 (Interval U0082A-13R-1A, 3546 cm)

8.3.5 Unit Descriptions and Interpretations
Based on visual core descriptions and smear slide analyses, the sediments at Site
U0083 are divided into two lithostratigraphic units.
8.3.5.1 Unit I
Interval: 344S-U0083A-1R-1, 0 cm, through -5R-1, 47 cm
Depth: 0–35.07 mbsf
Age: Quaternary
Lithostratigraphic Unit I is composed of diamicts and washed gravels of Facies 1.
Gneisses and granites/granitoids, with lesser amounts of diorite, basalt, sedimentary
intraclasts and marble, dominate clasts within the diamicts. Other than reworked
microfossils (planktonic foraminifera and one nannofossil), only benthic foraminifera were
observed in Facies 1.
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Although recovery was poor, the estimated thickness of Unit 1 (35.07 m) is in good
agreement with seismic reflection profiles indicating ~40m of Quaternary cover at Site
U0083. The stratigraphic position of Unit I and the characteristics of Facies 1 support the
interpretation of these sediments as glaci-marine deposits. The recovery of lithologically
diverse pebble and cobble-sized clasts as well as largely unstratified diamict suggests that
this sediment was deposited by ice, however, the presence of benthic foraminifera
indicates the ice probably formed a shelf and was not in contact with the seafloor, at least
during the deposition of Cores U0083A-1R and -2R.
8.3.5.2 Unit II
Interval: 344S-U0083A-5R-1, 47 cm, through 13R-CC
Depth: 35.07–104.60 mbsf
Age: Late Cenomanian to early Turonian
Lithostratigraphic Unit II consists of carbonaceous claystones or carbonaceous
mudstones interbedded with sandy siltstones Although the total amount of material
recovered in Unit II was low (<16 m recovered over the ~70 m interval), the depositional
environment can be reconstructed relatively well if the relative abundances of Facies 2 to
Facies 3 recovered are representative of the entire sedimentary package. These facies
indicate that Site U0083 experienced deposition in a dominantly low energy environment
beneath a stratified water column with low dissolved O2 during the Late Cenomanian to
early Turonian (Fig 8.3-F15). The relatively thin (<10 cm) siltstone beds of Facies 3
represent short-lived periods of higher energy when currents were generated by storms or
hyperpycnal flows. These events may have supplied refractory terrestrial organic matter as
well as pollen and spores to the sediments. Sedimentary organic carbon contents are
elevated in Unit II (see section “8.6 Geochemistry”) indicating enhanced supply, production,
and/or preservation.

Figure 8.3-F15. Unit II depositional environment. Three-dimensional diagram of possible
depositional environment beneath a stratified water-column on the mid- to outer-shelf. In
this scenario, Site U0083 is located in the dysoxic to anoxic zone below storm wave base,
but within reach of storm or flood generated currents.
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Although our interpretation of the sedimentary environment here is confined to
regional characteristics, it is worth mentioning that the middle-Late Cretaceous
(Cenomanian-Turonian) has been identified as a time of widespread marine dysoxia and
anoxia in the Atlantic Ocean basin (e.g. Turgeon and Brumstack, 2006; Arthur and
Sageman, 1994; Theide and VanAndel, 1977). Thus, we cannot rule out the possibility that
rocks of Unit II are the local expression of global conditions favorable to organic carbon
preservation.
8.3.6 X-Ray Diffraction and Thin Section Results from Site U0083
-ray
diffraction (XRD) to estimate mineral composition and abundance (Tables 8.3-T1 and -T2).
Two samples were glycolated in order to distinguish smectite in the clay mineral fraction.
Details on XRD methodology and the semi-quantitative assessment of mineral contents are
given in the Methods, Section 2.3. A summary of thin section observations is presented in
Table 8.3-T3.
Table 8.3-T1. XRD results from bulk samples from Site U0083. Semi-quantitative
assessment of mineral abundance is based on a comparison of peak intensities. Note, XRD
signatures are not linearly proportional to real mineral abundances (see “2.3
Lithostratigraphy”). The approximate abundances are as follows: A = <30%, C = 30-10%, F
= 10-3%, R = <3%.

The diamict of Unit I (Quaternary) is dominated by quartz, K-feldspars and
plagioclase in the bulk sample. Its clay fraction consists mostly of illite, followed by
kaolinite and chlorite. No smectite was detected. Amphibole (bulk and clay fractions) and
pyrite (bulk) were present in lesser abundance.
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XRD analyses of samples from Unit II focused on both the carbonaceous mudstones
(Facies 2), which form the bulk of this unit, and on the siltstone to sandstone interbeds
(Facies 3) (Table 8.3-T1). Cemented mudstone intervals (e.g., U0083A-9R-1, 68-70 cm;
U0083A-10R-2, 48-51 cm) were also analyzed. Most samples are dominated by quartz,
which is present as detrital, silt- to sand-sized particles according to thin-section analysis.
Minor detrital components include K-feldspar, plagioclase and clay minerals (see below for
detailed clay mineralogy). Pyrite is identified in most samples, corroborating thin section
observations of abundant small aggregates, often framboidal, which likely formed during
early diagenesis in a sulfate-reduction zone beneath the sediment-water interface. A
diverse suite of carbonate minerals, including dolomite, siderite, calcite, and Mg- calcite,
occur mostly as cements (both pore-filling and replacement forms were identified in thin
section). Fine sand-sized carbonate particles, possibly detrital, as well as recrystallized
bioclasts (calcispheres?, Fig. 8.3-F7) are seen in thin sections. Interval U0083A-10R-2, 4851 cm, is heavily cemented, chiefly with dolomite and some calcite (Fig. 8.3-F6).
Table 8.3-T2. XRD results from clay fraction (
from Site U0083. Counts refer to peak
intensities following background subtraction. Abundances and clay-mineral ratios are
based on peak intensities, which are not linearly proportional to mineral concentrations.
Approximate abundances: A = <30%, C = 30-10%, F = 10-3%, R = <3%.
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Kaolinite is the most abundant clay mineral found in Unit II (Table 8.3-T2). Illite is
always present, but apparently less common relative to Unit I. Other clay minerals,
including chlorite and smectite are absent. Interval U0083A-8R-2, 57-59 cm, is exceptional
in that it includes minor amounts of expandable clay minerals identified as sepiolite and
vermiculite that were likely sourced from drilling muds.
Table 8.3-T3. Thin section results from Site U0083.
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8.4 Chronostratigraphy
8.4.1 Introduction
The chronostratigraphy for Site U0083 is constrained primarily by dinoflagellates,
pollen, and spores. In addition, the natural remanent magnetization (NRM) measured
before and after magnetic cleaning was used to determine the magnetostratigraphy. The
upper 35.07 m can be broadly assigned a Quaternary age based on the presence of benthic
foraminifera characteristic of Quaternary sediments in the northern high latitudes. The
normal polarity within this interval is assigned to the Brunhes Chron (C1n; 0‒0.781 Ma).
Below the unconformity at 35.07 mbsf, the palynomorph assemblage indicates a late
Cenomanian to early Turonian age for the sediments, based on the presence of five
dinoflagellate taxa (Cauveridinium membraniphorum, Chatangiella tripartita, Isabelidinium
acuminatum, Isabelidinium magnum, and Trithyrodinium suspectum), two pollen species
(Rugubivesiculites rugosus and Rugubivesiculites multisaccus), and the presence of a rich
angiosperm flora plus Normapolles pollen and Lorantaceae taxa. This is consistent with the
observed normal polarity and assignment to the Cretaceous Long Normal Polarity interval
(Superchron C34n; 83.64‒125.93 Ma).

8.4.2 Paleontology
Samples for Site U0083 were examined for calcareous nannofossils, foraminifera,
diatoms, dinoflagellate cysts, pollen, and spores. Samples were collected from core catchers
of each core, with a few additional samples taken from split-core sections. The primary
results for all fossil groups are summarized in Figure 8.4-F1. The ~35 m of glacial diamicts
contain rare reworked calcareous nannofossils, planktonic foraminifera, and
palynomorphs. The in situ assemblage consists of rare benthic foraminifera. Below the
unconformity at 35.07 mbsf, the sediments are completely barren of calcareous
nannofossils, foraminifera, and diatoms; however, these marine to possibly brackish water
sediments contain a diverse assemblage of dinoflagellate cysts, pollen, and spores that
indicate a late Cenomanian age.
8.4.2.1 Calcareous Nannofossils
Fifteen samples from Site U0083 were analyzed for calcareous nannofossils
(Appendix Table 8.4-AT1). A single, reworked Reticulofenestra haqii (5-8 µm) was found
within the glacial diamict from Sample U0083A-4R-1, 70-71 cm (25.50 mbsf). All other
samples are barren of nannofossils.
8.4.2.2 Foraminifera
Eleven samples from Site U0083 were analyzed for foraminifera (Appendix Table
8.4-AT1). Two samples produced benthic foraminifera and reworked planktonic
foraminifera: U0083A-1R-1, 66-68 cm (0.66 mbsf) and -2R-1, 118-121 cm (10.78 mbsf).
The benthic foraminifera present include Cibicides refulgens, Cibicides lobatulus, Elphidium
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excavatum, Cassidulina teretis, Cassidulina reniforme, and Lenticulina orbicularis, all taxa
present in Quaternary and Holocene northern high latitude sediments (Belanger and
Streeter, 1980; Korsun and Hald, 1998). The reworked planktonic foraminifera are poorly
preserved but have affinities to Miocene Praeorbulina and Sphaeroidinella.

Figure 8.4-F1. Chronostratigraphic summary for Site U0083.
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8.4.2.3 Diatoms
All samples examined (Samples U0083A-1R-1, 66-68 cm through -13R-CC [0.66‒
102.45 mbsf]) are barren of diatoms (Appendix Table 8.4-AT1).
8.4.2.4 Dinoflagellate Cysts
A total of nine samples from Hole U0083A were examined for dinoflagellate cysts
and selected spores, pollen, and algae (Appendix Table 8.4-AT2). The organic matter in the
samples is dominated by aquatic or terrestrial amorphous organic material with a fluffy,
clotted, spongy, and granular appearance. Structured terrestrial material also occurs,
including cuticles, plant tissues, woody material, pollen, and spores. Dinoflagellate cysts
and other algae constitute a minor component (Fig. 8.4-F2). The majority of the amorphous
organic material was dissolved and washed out on a 30 µm filter after oxidizing with HNO3
and KOH. The thermal maturity was visually evaluated based on spore color from nonoxidized material and compared with the “pollen/spore standard” (Pearson, 1984), giving a
thermal alteration index (TAI) between 2- and 2, indicating “immature” with regard to oil
and gas generation (Fig. 8.4-F3).

Figure 8.4-F2. Photomicrographs of organic material from Core U0083A-13R. Images A, B,
and C show the mineral and organic material composition before oxidation. The organic
material consists of aquatic or terrestrial amorphous organic material with fluffy, clotted,
spongy or granular appearance and terrestrial structured plant material including spores
and pollen whereas dinoflagellate cyst and algae constitute a minor part. Image D shows
the organic material composition after oxidation, mainly structured plant material.
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Figure 8.4-F3. Photomicrographs showing thermal alteration based on color of spores
before oxidation at Site U0083. Images A and C from Sample U0083A-7R-1, 127-131 cm
(54.57 mbsf) and images B and D from Sample U0083A-13R-CC, 22-27 cm (102.45 mbsf).
Spore color corresponds to a thermal alteration index between 2- and 2 indicating organic
thermal immaturity (see adjacent “pollen/spore color standard”).
In addition to the terrestrial material, moderately diverse assemblages of marine
dinoflagellate cysts and algae were recorded from nine samples studied from below the
unconformity (Cores U0083A-5R to -13R [35.15‒102.45 mbsf]). The variation in
abundance and diversity of dinoflagellate cysts and algae in these cores is likely biased due
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to differences in processing and time spent on the samples. In addition the large amount of
amorphous organic material present tends to obscure observation of specimens making
accurate assessment of assemblage composition problematic.
No stratigraphically important first or last occurrences occur within the samples
from Sections U0083A-5R-1 to -13R-CC (35.15‒102.45 mbsf). Palambages spp. (Fig. 8.4-F4)
are common and an almost hyaline pollen(?) (Fig. 8.4-F5) are abundant in the samples
from Sections U0083A-5R-1 to -7R-1 (35.15‒54.57 mbsf) (Appendix Table 8.4-AT2).

Figure 8.4-F4. Photomicrographs of dinoflagellate cysts from Site U0083. Images A and D
are from Sample U0083A-12R-CC, 15-20 cm (96.81 mbsf). Image B is from Sample U0083A13R-CC, 22-27 cm (102.45 mbsf). Images C, G, and J are from Sample U0083A-6R-1, 131138 cm (45.21 mbsf). Images E and H are from Sample U0083A-5R-1, 55-60 cm (35.15
mbsf). Image F is from Sample U0083A-5R-1, 55-60 cm (35.15 mbsf). Image I, from Sample
U0083A-13R-CC, 22-27 cm (102.45 mbsf), is of Nyktericysta davisii with very long post- and
pre-cingular horns.
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Paleoenvironment and Age
The presence of Cauveridinium membraniphorum, Chatangiella tripartita,
Isabelidinium acuminatum, Isabelidinium magnum, and Trithyrodinium suspectum (Fig. 8.4F4), together with the pollen Rugubivesiculites rugosus and Rugubivesiculites multisaccus
(Fig. 8.5-F5), indicate a late Cenomanian age or younger. A similar assemblage was recently
recorded from southern East Greenland (Nøhr-Hansen, 2012). Cauveridinium
membraniphorum has its first common occurrence in the upper Cenomanian organic-rich
Plenus Marl onshore UK, according to Dodsworth (2000) and Pearce et al. (2009), and its
last common occurrence in the uppermost Turonian (Pearce et al., 2003). The presence of I.
magnum and the absence of Chatangiella granulosum, Chantangiella verrucosa, and
Heterosphaeridium difficile also support a late Cenomanian age (Costa and Davey, 1992).
Williams et al. (2004) suggests a first occurrence (FO) for H. difficile within the lower
Turonian, whereas Bell and Selnes (1997) suggest an early to middle Cenomanian age for
the FO of H. difficile offshore Norway.

Figure 8.4-F5. Photomicrographs of pollen and spores from Site U0083. Image A is from
Sample U0083A-10R-CC, 30-32 cm (83.80 mbsf). Images B and E are from Sample U0083A13R-CC, 22-27 cm (102.45 mbsf). Images C and D are from Sample U0083A-8R-CC, 8-12 cm
(64.20 mbsf). Images F, G, and H are from Sample U0083A-6R-1, 131-138 cm (45.21 mbsf).
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In addition to the marine flora, specimens of the presumed brackish water
Nyktericysta davisii with very long post- and pre-cingular horns (Fig. 8.4-F4) occur within
two samples (U0083A-11R-CC, 19-21 cm [92.28 mbsf] and -13R-CC, 22-27 cm [102.45
mbsf]). This form has only previously been reported (as a large specimen of the dinocyst N.
davisii) from the upper part of the marginal marine Upernivik Næs Formation, West
Greenland, where it co-occurs with another brackish water indicator Quantouendinium
dictyophorum and the pollen Rugubivesiculites rugosus, and from a single fully marine
sample from the Atane Formation at Ikorfat, West Greenland (Nøhr-Hansen, 2005, 2008;
Dam et al., 2009).
8.4.2.5 Pollen and Spores
Ten samples from Hole U0083A were analyzed for pollen and spores. Although most
samples analyzed were from core-catcher material. In general, the abundance of pollen and
spores from Hole U0083A is very high; varying from abundant to few in number.
Palynomorphs were least abundant in Samples U0083A-11R-CC, 19-21 cm and -12R-CC,
15-20 cm (92.28‒96.81 mbsf) (Appendix Table 8.4-AT3).
Unlike at Sites U0070, U0080, U0100, and U0110, where bisaccate pollen grains
were abundant throughout the recovered intervals, at Site U0083 they are only common in
Sample U0083A-13R-CC, 22-27 cm (102.45 mbsf), which contains a diverse bisaccate
pollen assemblage. Bisaccate pollen occurs sporadically in cores above this, without visible
dominance of one type over another. Instead, pteridophyte and Microphyllophyta
(Lycopodiaceae type) spores are dominant and Bryophyta spores occur consistently in
Cores U0083A-5R to -10R (35.15‒83.80 mbsf). “Normalles”-type pollen also occurs in Core
U0083A-10R (83.80 mbsf). The section recovered at Hole U0083A is divided into three
informal intervals based on pollen and spore assemblages.
Megaspores, Normapolles, and Angiosperms Interval
Samples from Sections U0083A-5R-CC to -10R-CC (35.15‒83.80 mbsf) are extremely
rich in pollen and spores. The conifer assemblages include many types of bisaccate pollen;
however, they are not abundant, but number only few to common except for the genus
Rugubivesiculites, which is represented by a number of species (Appendix Table 8.4-AT3). A
variety of megaspores and miospores also occur within this interval (Fig. 8.4-F6). This
interval is also characterized by abundant angiosperms, with particularly diverse triporate
pollen types, including Tricolporopollenites spp. (=Nyssapollenites spp. during the
Cenomanian), Tricolporopollenites cf. verrucosa, different species of Foveotricolpites, and
Stephanocolpites spp (Fig. 8.4-F6). Angiosperm pollen increase in size and abundance
upward through the section within this interval.
Several taxa not found deeper in Hole U0083A occur within this interval, including a
type of Normapolles pollen with thick walls and complex pore morphology, and some
Loranthaceae types (e.g., Orbiculapollis globusus and Expressipollis spp.). This interval also
includes some specimens thought to belong to the biostratigraphically significant taxon
Aquilapollenites (Fig. 8.4-F6), which first appeared during the Turonian (Traverse, 1988),
but because of poor preservation, additional investigation is needed.
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Figure 8.4-F6. Photomicrographs of pollen and spores from the Megaspores, Normapolles,
and Angiosperms informal interval at Site U0083. (A) aff. Aquilapollenites, Sample U0083A5R-1, 55-60 cm (35.15 mbsf); (B) aff. Aquilapollenites, Sample U0083A-5R-1, 55-60 cm
(35.15 mbsf); (C) Triporate Normapolles pollen, Sample U0083A-10R-CC, 30-32 cm (83.80
mbsf); (D) aff. Osculapollis, Sample U0083A-10R-CC, 30-32 cm (83.80 mbsf); (E)
Orbiculapollis globusus, Sample U0083A-5R-1, 55-60 cm (35.15 mbsf); (F) Zonalapollenites
sp., Sample U0083A-8R-CC, 8-12 cm (64.20 mbsf); (G) Pristinuspollenites sp., Sample
U0083A-10R-CC, 30-32 cm (83.80 mbsf); (H) Stephanocolpites sp., Sample U0083A-10R-CC,
30-32 cm (83.80 mbsf); (I) Cyathenites sp., Sample U0083A-10R-CC, 30-32 cm (83.80
mbsf); (J, K) Megaspores, Sample U0083A-5R-1, 55-60 cm (35.15 mbsf); (L) Megaspore,
Sample U0083A-10R-CC, 30-32 cm (83.80 mbsf).
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Miospores Interval
Sample U0083A-11R-CC, 19-21 cm (92.28 mbsf) exhibits the lowest palynomorph
abundance of all samples examined from Hole U0083A. This interval contains a large
quantity of mineral (clay) fraction. It is characterized by the absence of giant megaspores
and giant bisaccates that are found deeper in the hole, and the common presence of the
spores Cyathidites minor, Gleicheniidites spp., and Osmundacidites spp. A characteristic
feature is the appearance of Triporoletes stellatus (Fig. 8.4-F7), Lycopodiumsporites cf.
austroclavatidites and other Lycopodiacidites species.
This interval contains a few specimens of Normapolles pollen. Most bisaccate pollen
grains are small in size, such as Cedripites cf. cretaceus, Podocarpidites spp., and Plicatella
spp. (Fig. 8.4-F7). The assemblage includes many angiosperms typical of the Late
Cretaceous, but no giant forms occur. The angiosperms include diverse species of the
genera Tricolpites and Triporoletes and some triporates, but none are dominant.
Dinoflagellate specimens from this interval are poorly preserved. This, together
with a lithology rich in siliceous minerals resulting in vigorous reaction with HF, suggests
that the interval corresponds to an abrupt change in paleoenvironment, such as a change in
sea level and therefore proximity to the shoreline within the depositional basin.
Megaspores and Monosaccate/Perinate Conifer Interval
This interval includes Samples U0083A-12R-CC, 15-20 cm and 13R-CC, 22-27 cm
(96.81‒102.45 mbsf), which contain a very different palynoflora from that found higher in
the hole. The assemblages in both samples are similar, yet the abundance of palynomorphs
is significantly less in the sample from Core U0083A-12R, which contains a higher quantity
of minerals. This interval contains dense organic debris, charcoal, abundant dark-colored
terrestrial palynomorphs, algae (cf. Pediastrum and others), and frequent bryophyte
spores.
This interval is characterized by diverse conifer species, with no single taxon
dominant. Only monosaccate conifers and Rugubivesiculites pollen are present in significant
abundances (Fig. 8.4-F8). Among the pteridophyte and microphyllophyta spores present
are a wide diversity of species characteristic of the Early to mid-Cretaceous; however, the
range of these taxa within the Late Cretaceous is not well known. The angiosperms are
diverse, yet small in size (~10 µm), and include mostly tricolpites species, such as
Tricolpites cf. sagas, Retitricolpites spp., Alnipollenites spp., Triporopollenites spp.,
Clavatipollenites spp., Ajatipollis spp., and Triatripollenites spp. (Fig. 8.4-F8).
Age and Paleoenvironment
The richness of angiosperm palynomorph species and the presence of Normapolles
pollen and Lorantaceae taxa, suggests an age of Late Cenomanian to early Turonian. More
investigation is needed, however, to fully elucidate the stratigraphic significance of this
diverse assemblage.
The richness and diversity of terrestrial palynomorphs within the interval spanning
Cores U0083A-10R-CC to -13R-CC (83.80‒102.45 mbsf) indicates a warm, wet
environment. Hole U0083A is characterized by a decrease in conifer species through time,
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with a corresponding increase in the amount and diversity of fern spores. The most visible
changes occur above Sample U0083A-8R-CC, 8-12 cm (64.20 mbsf). Plant communities
became enriched with diverse angiosperm taxa, and tree ferns were probably replaced by
non-tree genera as the conifer forests declined. The pollen assemblages correspond to
plant communities within well-developed swamp environments in a very warm and moist
climate, possibly in a lagoon or estuary within the tidal zone.

Figure 8.4-F7. Photomicrographs of pollen and spores from the Miospores informal interval
at Site U0083. All images from Sample U0083A-11R-CC, 19-21 cm (92.28 mbsf). (A) Field of
view showing typical Miospore palynofacies; (B) Cedripites cf. cretaceous; (C) Triporoletes
stellatus; (D) Plicatella sp.
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Figure 8.4-F8. Photomicrographs of pollen and spores from the Megaspores and
Monosaccate/Perinate Conifer informal interval at Site U0083. Image A from Sample
U0083A-12R-CC, 15-20 cm (96.81 mbsf); Images B‒J from Sample U0083A-13R-CC, 22-27
cm (102.45 mbsf). (A) Cicatricosisporites sp.; (B‒C) Osmundacidites sp.; (D) Miospore; (E)
Rugubivesiculites sp.; (F) Alnipollenites sp.; (G) Triporopollenites sp.; (H) Cicatricosisporites
cf. rassiterminatus; (I) Rugubivesiculites sp. (left) and Pinuspollenites sp. (right); (J)
Monosaccate (left) and bisaccate (right) conifer pollen.

8.4.3 Paleomagnetism
The investigation of magnetic properties from the nine cores with measurable
amounts of sediment collected at Site U0083 included the measurement of bulk
susceptibility of whole-core and split-core sections and the natural remanent
magnetization (NRM) of archive-half sections (Appendix Table 8.4-AT4). Alternating field
(AF) demagnetization at 10 and 20 mT was conducted on all cores. Stepwise AF
demagnetization on eight discrete samples was performed at successive peak fields of 0, 5,
10, 15, 20, 25, 30, 35, 40, 50, and 60 mT to verify the reliability of the split-core
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measurements (Appendix Table 8.4-AT5). Four samples yielded very good fits with
principal component analysis (PCA; Kirschvink, 1980), having a maximum angular
deviation of <3° and one sample with an acceptable 7°. Magnetic intensity below the
unconformity at ~35 mbsf is weak and demagnetization behavior mostly erratic. The
location of the discrete samples taken from Hole U0083A is indicated in the inclination and
declination panels of Figure 8.4-F9. We cleaned the split-core data extracted from the LIMS
database by removing all measurements collected from disturbed intervals, from intervals
with larger dropstones, and from within 5 cm of the section ends (Appendix Table 8.4AT6).
8.4.3.1 Natural Remanent Magnetization and Magnetic Susceptibility
The intensity of NRM after 20-mT demagnetization ranges from ~10-5 to ~10-1 A/m,
with a mean of 1.2 × 10-2 A/m before and 2.3 × 10-3 A/m after AF demagnetization (Fig. 8.4F9). Within Lithostratigraphic Unit I (0‒35.07 mbsf), the intensity is on the order of 10-2
A/m (mean = 1.9 × 10-2) and below the unconformity, the intensity decreases by one to two
orders of magnitude to ~10-3 to ~10-5 A/m (mean = 1.7 × 10-3).
Despite the overall low magnetic intensities in Lithostratigraphic Unit II, a relatively
stable magnetic component, which allows for the determination of magnetic polarity, was
preserved. A magnetic overprint with steep positive inclinations, which was probably
acquired during drilling, was usually erased by the 20-mT demagnetization step (Fig. 8.4F10); however, directions of the NRM show relatively large scatter in the weakly magnetic
lithologies below ~35 mbsf.
The demagnetization behavior of four discrete samples that yielded good PCA
results is illustrated in Figure 8.4-F10. Two of them display a soft magnetic overprint that
was removed with 15-20 mT AF demagnetization, demonstrating that this magnetic
cleaning level is sufficient to eliminate the overprint at this site.
Magnetic susceptibility measurements were made on whole cores as part of the
Whole-Round Multisensor Logger (WRMSL) analysis and on split-core sections using the
Section-Half Multisensor Logger (SHMSL; see section "8.5 Physical Properties"). Magnetic
susceptibility is consistent between the two instruments (Fig. 8.4-F9) and in general
parallel to the intensity of magnetic remanence. It varies between 1.4 × 10-5 and 2.3 × 10-2
(SI volume units; Fig. 8.4-F9 first panel; split-core measurements are offset by a factor of
10) with an average of 5.3 × 10-3 (SI volume units) in the diamict and 1.0 × 10-4 (SI volume
units) in the underlying Cretaceous mudstones and shales.
8.4.3.2 Magnetostratigraphy
Only magnetic inclinations were used for the magnetostratigraphic interpretation at
this site. The geomagnetic field at the latitude of Site U0083 (75.598°N) has an expected
inclination of 82.7°, assuming a geocentric axial dipole field model, which is sufficiently
steep to determine magnetic polarity in RCB cores that lack horizontal orientation.
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Despite the low recovery above the unconformity at 35.07 mbsf, magnetic
inclinations of split-core and discrete samples indicate that only the Brunhes Chron (C1n;
0‒0.781 Ma) is recorded. The age of the normal polarity interval below the lithological
unconformity at 35.07 mbsf is biostratigraphically constrained by dinoflagellates and
pollen to the late Cenomanian and assigned to Superchron C34n (83.64–125.93 Ma).

Figure 8.4-F9. Summary of paleomagnetic data and magnetostratigraphy at Site U0083.
Discrete sample locations are indicated in the declination and inclination columns by red
symbols. The polarity stratigraphic interpretation is given with black intervals
representative of normal polarity and striped intervals indicating no recovery. NRM
intensity, declinations, and inclinations prior to demagnetization are plotted with blue
symbols and after 20-mT demagnetization with green symbols.
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Figure 8.4-F10. Demagnetization results for four discrete samples. For each sample, the
plot to the left shows the vector end points of paleomagnetic directions on vector
demagnetization diagrams or modified Zijderveld plots (red squares are inclinations and
blue circles declinations), and the plot to the right shows the intensity variation with
progressive demagnetization. Those data outlined in black were used to compute mean
directions from principal component analysis.
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8.5 Physical Properties
8.5.1 Overview
Limited data were obtained from Lithostratigraphic Unit I (diamict). These have
physical properties similar to the diamict from Sites U0080, U0100, and U0110 (see
sections “4.5, 5.5, and 7.5 Physical Properties”). In Lithostratigraphic Unit II, high-density
pore-filling siderite and low-density coal that are the main cause of variability at Site
U0080 are less abundant at Site U0083. Carbonaceous claystone represents the most
common lithology and exhibits relatively uniform properties (P-wave velocity of 2310
±370 m/s, grain density of 2.61 ±0.02 g/cm3, and porosity of 26%±3%). The carbonaceous
mudstone recovered in Cores U0083-9R to -11R has slightly higher velocity (2580±280
m/s) but similar grain density (2.64±0.02 g/cm3) and porosity (25%±4%). Anomalously
high bulk density, magnetic susceptibility, and low porosity are associated with pore-filling
Fe, Mg, Ca carbonate cement, usually (but not always) within coarser-grained fine sandy
siltstone beds (P-wave velocity of 5590 m/s, grain density of 2.75 g/cm3, porosity of 3%)
and less commonly in cemented mudstones (P-wave velocity of 4540 m/s, grain density of
2.73 g/cm3, porosity of 10.9%). However, these beds represent <10% of the sediment
recovered. Downcore variability for all physical properties is shown in Figures 8.5-F1a-b.

8.5.2 Measurements and Data Analysis
8.5.2.1 Whole Round Measurements
Measurements with the WRMSL were obtained at 2.5 cm intervals for gamma ray
attenuation (GRA) wet bulk density, and magnetic susceptibility (MS) for all cores. Natural
gamma radiation (NGR) was measured at 10 cm intervals for the same cores with the
exception of Core U0083A-1R, which was composed entirely of washed gravel and was not
measured. Compressional wave velocity (Vp) measurements were disabled as the thinner
diameter of most RCB cores relative to the core liner precludes Vp measurements on the
WRMSL.
We filtered the GRA density and MS data to remove spurious points caused by voids
in the core and section breaks using a MATLABTM routine and applied the density
correction factor of Jarrard and Kerneklian (2007), which attempts to correct for the
smaller diameter of the RCB cores relative to the core liner (see section “2.5 Physical
Properties”). Nonetheless, data from cores that contain a large proportion of washed gravel
clasts (U0083A-1R to -5R) should not be considered representative of Lithostratigraphic
Unit I in general. Filtered GRA density and MS data from Hole U0083A are recorded in
Appendix Table 8.5-AT1.
8.5.2.2 Split Core Color Spectroscopy
Color reflectance was measured at a resolution of 2.5 cm and the results are
reported in the CIELAB color scale in terms of lightness (L*) and color indices a* (green to
red, with green negative and red positive) and b* (blue to yellow, with blue negative and
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yellow positive) on all sections with the exception of Core U0083-1R, composed only of
washed gravel. The values for a* and b* show variations with depth within lithologies (Fig.
8.5-F1b). All the values for a* show a positive value ranging from 0.4 to 6 indicating value
of color in the red range instead of green. The values for b* are negative (minimum value 11.2), indicating a predominantly blue color, except for a sandstone with a positive value of
0.7. The lightness values ranged from 14.5 to 51.5. These data are presented in Appendix
Table 8.5-AT2.

Figure U0083-8.5-F1a. Downcore physical properties measurements for Site U0083 bulk
density (GRA = data from Whole-Round Multisensor Logger), grain density, P-wave
velocity, and porosity.
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Figure U0083-8.5-F1b. Downcore physical properties measurements for Site U0083
magnetic susceptibility, natural gamma radiation, and color parameters L*a*b*. Grain
density values typical of common aluminosilicate minerals are shaded green. P-wave
velocity, the average value, excluding cemented layers, for the vertical (z) direction is
indicated with a red dashed line. For porosity, the average value for uncemented layers is
shown with a blue dashed line.
8.5.2.3 Discrete Sample P-wave Velocities
The relatively unconsolidated nature of Lithostratigraphic Unit I (diamict) required
the measurement of the P-wave velocity on split core sections (x-direction only). The Pwave transmission was mostly poor and yielded only two measurements with reasonable
signal strength.
The discrete samples from Lithostratigraphic Unit II (13 cubes with 8 cm3 volume)
were used for both velocity and moisture and density measurements when possible. In
uncemented claystones the z-axis velocity varied from 1770 m/s in the lower part of the
hole (Section U0083A-13R-2) and 2430 m/s in the upper part (Section U0083A-7R-1). A
marked velocity anisotropy is present in claystones from Cores U0083A-6R-1 to -8R-2,
where the x and y directions (horizontal axes) are 11% to 16% higher than the values of
the z-axes (Fig. 8.5-F2). Vp(z) in mudstone samples from Cores U0083A-9R2 to -11R-CC
shows little scatter, with velocities ranging from 2170 to 2500 m/s (for a mudstone with
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silt). These values are 9% to 18% lower than the values obtained from the same samples
along the x-axis. This degree of velocity anisotropy is most likely related to the preferred
orientation of clay minerals, in particular, illite and kaolinite. These minerals develop a
preferred orientation perpendicular to the compaction direction (e.g., Voltoni et al., 2009),
which is illustrated for Sample U0083A-8R-2, 6-8cm in Figure 8.5-F2. While compaction
would have a lesser effect on the anisotropy of sediment with a low clay percentage, the
high clay content at Site U0083A predisposes the sediments to developing compactionrelated velocity anisotropy. The value of the claystones located in the lower part of the hole
(Cores U0083A-12R-2 to -13R-2) exhibit consistently higher P-wave velocities (2-5%)
along in the z-axis. None of the measurements have been corrected to in situ temperature
and pressure conditions.
Discrete samples from a sandy siltstone bed (U0083A-10R-2, 41-43 cm) and a
cemented mudstone (U0083A-12R-1, 29-31 cm) have higher (>4000 m/s) Vp values, as
expected for samples with greatly reduced (<15%) porosities (Table 8.5-T1).

Figure U0083-8.5-F2. Thin section micrograph image of mudstone sample (U0083A-8R-2,
6-9 cm). This image shows well-developed horizontal fabric with vertical (z) and horizontal
(x) P-wave velocities from Sample U0083A-8R-2, 6-8 cm superimposed.
8.5.2.4 Moisture and Density (MAD) Measurements
In addition to the 13 cubes used for velocity measurements four more samples were
taken from sediment too poorly consolidated or fractured for Vp measurements, but
suitable for moisture and density measurements. Samples from the Quaternary diamict
(Cores U0080A-1R to -4R) were placed in vials and transferred directly to the balance for
wet weight measurement. More indurated samples, from Core U0080A-5R to the base of
the hole, were soaked in seawater under vacuum to saturate pore space. Wet mass, dry
mass, and dry volume were measured, and from these measurements, percentage water
weight, porosity, dry density, bulk density, and grain density were calculated (see section
“2.5 Physical Properties”). These data are included in Appendix Table 8.5-AT4. Overall bulk
density ranged from 2.14 to 2.70 g/cm3, dry density from 1.85 to 2.67 g/cm3, and grain
density from 2.59 to 2.75 g/cm3. Porosities varied from 3% to 30%. Values for the different
lithologies, not including the cemented samples noted above, are presented in Table 8.5-T1.
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8.5.3 Downhole Trends in Physical Properties
8.5.3.1 Lithostratigraphic Unit I
Lithostratigraphic Unit I extends from the seafloor to 35.07 mbsf and consists of
poorly stratified clast-rich muddy to sandy diamict. The most reliable data from this unit
come from Core U0083A-2R. These values are consistent with those measured in
Quaternary diamict at Holes U0110C, U0100A, and U0080A (bulk density ~2 g/cm3;
magnetic susceptibility ~0.05 SI and ~50 cps NGR). The average GRA density, however, is
enhanced because washing away matrix material during drilling artificially concentrates
high-density gravel clasts in the core liner. These data are omitted in Figure 8.5-F1.
Porosity and grain density measured on seven samples of diamict matrix average 23% and
2.71 g/cm3 respectively, and show little scatter. The color parameters also exhibit similar
characteristics as those observed at Sites U0110 and U0100 (see sections “4.5 Physical
Properties” and “7.5 Physical Properties”). The values of L* in Lithologic Unit I varied from
16.3 to 51.5, a* ranged from 2.1 to 6, and b* from -11.2 to -3.4. However, we note that these
values should not be considered as representative of the diamict because of the abundance
of washed gravel in the core sections.
Table 8.5-T1. Summary of physical properties of major lithofacies.

8.5.3.2 Lithostratigraphic Unit II
Lithostratigraphic Unit II extends from 35.07 to 102.50 mbsf (Cores U0083A-5R to 13R) and consists predominantly of carbonaceous claystone and mudstone with cm-thick
beds of sandy siltstone occurring approximately every meter. The lithologic homogeneity
of the unit is reflected in relatively little variability in its physical properties downhole. The
exception are intervals where pore space has been filled with Fe, Ca, Mg carbonate cement,
which causes an increase in the Vp values and bulk density together with a decrease in
porosity.
Downhole trends within this unit are most evident in NGR data which systematically
increase from ~22 to 84 cps. Typically, fine-grained (clay) sediments have a relatively
greater abundance of gamma-ray emitting potassium than silt and sand. Therefore, the
increase in NGR counts with depth could relate to an increase in the abundance of clay
downhole (Fig. 8.5-F1b), although we note that this interpretation appears to be in
contradiction with the grain size determinations made as part of the visual core
descriptions (see “8.3 Lithostratigraphy”).
Magnetic susceptibility values for this unit are consistently lower (mean ~10-4 SI)
than the values obtained from the diamict and gravels of Unit I (~5.310-3). Although no
overall downhole trends in susceptibility are evident, susceptibility “spikes” up to an order
of magnitude higher than the background (maximum 2.710-3 SI) occur approximately
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every meter. In most (qualitatively ~85%) cases these spikes are associated with cm-scale
silt or sandy siltstone beds and are caused by the presence of siderite cement (Fig. 8.5-F3).
In a few cases, susceptibility spikes are associated with Fe-bearing cemented mudstones.
The CIELAB scale color variations, in particular a* and b*, show subtle changes with
depth. In general these correspond to the major lithologies, with a few outliers occurring
when a minor lithology is present (Fig. 8.5-F1b). The values of a* in Unit II from the
unconformity at 35.07 to ~65 mbsf show a decreasing trend while b* increases,
corresponding with claystone as the major lithology. These values show smaller
oscillations between Core U0083A-9R and -11R where the dominant lithology is mudstone.
The lightness (L*) varies widely through this Unit and does not appear to characterize any
particular lithology.

Figure U0083-8.5-F3. Magnetic susceptibility related to cemented siltstone. Detailed view
of a cemented sandy siltstone layer from Section U0083A-12R-1 highlighting the
association between magnetic susceptibility “spikes” where values are elevated up to ten
times background and the presence of Fe, Ca, Mg-carbonate cement within coarser-grained
beds.
Discrete density measurements of uncemented samples and their corresponding Vp
values show a high degree of uniformity within each lithology (Table 8.5-T1). The addition
of pore-filling cement greatly reduces porosity (to <15%) and increases Vp to >3500 m/s,
although as noted above, the presence of cement is largely confined to thin, cm-scale
(sandy-) siltstone layers and is not pervasive in mudstones which comprise most of the
recovered sediment.
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There is very little variation in grain density downhole (Fig 8.5-F1), with all values
consistent with densities of common aluminosilicate minerals (quartz, feldspar, common
clays). This contrasts with grain densities from Site U0080 (see section “5.5 Physical
Properties”), which showed a wide degree of scatter because of the presence of low-density
(<1.5 g/cm3) coal and high-density (4 g/cm3) siderite. The lack of scatter in samples from
Site U0083 is consistent with the relatively low carbon content within the mudstones (see
section “8.6 Geochemistry”) and the low iron content of the carbonate cement. The uniform
nature of grain density at this site suggests that variability of the bulk density is mainly a
function of porosity, where high bulk density equates to low porosity and vice versa.

8.5.4 Two-way Travel Time (TWT) from P-wave Velocity
P-wave velocities measured at discrete depth intervals were used to calculate the
vertical travel time in the hole between sample depths (Fig. 8.5-F4). As there is a marked
velocity anisotropy in the samples from Lithostratigraphic Unit II at this site, our time
versus depth calculation is based mostly on the Vp(z) (vertical axis) measurements.
However, in Lithostratigraphic Unit I, only two measurements along the x-axis were of
sufficient amplitude to be considered reliable and these have been used to represent the
velocity profile of this unit. Further, we have omitted Vp values from layers that are clearly
influenced by cement, as indicated by their anomalously high velocity and low porosity, as
these values are unlikely to be representative of the overall time versus depth relationship.

Figure U0083-8.5-F4. Cumulative whole core P-wave velocity TWT vs. depth. The red line
shows the cumulative velocity profile constructed from discrete velocity measurements
excluding cemented samples, compared with the pre-drilling velocity estimate of 2700 m/s
shown in black.
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These travel times between depth intervals were compiled to a cumulative two-way
travel time (TWT) vs. depth profile for comparison with the pre-drilling assumption of a
uniform 2700 m/s velocity. The core velocities are higher on average than the uniform
prediction and therefore the TWT increases, displacing the location of the reflectors
downward in depth. Shipboard velocities were not corrected to reflect downhole pressure
and temperature conditions.

8.5.4 References
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8.6 Geochemistry
Shipboard organic geochemical studies of cores from Site U0083 included
monitoring of hydrocarbon gases, measuring total carbon, carbonate carbon, total organic
carbon, and total nitrogen contents, and characterizing organic matter by pyrolysis assay.
Procedures are summarized in “Chapter 2. Methods” (see section “2.6 Geochemistry”).

8.6.1 Hydrocarbon Gases
When possible, cores from Hole U0083A were monitored for gaseous hydrocarbons
by the headspace (HS) gas technique; results are reported in Table 8.6-T1 and Figure 8.6F1. A total of 16 samples were analyzed using the GC3 system. Data reported are in parts
per million by volume (ppmv). Due to poor recovery, no sample was taken from Core
U0083A-5R.
Table 8.6-T1. Headspace gas concentrations from Site U0083.

Headspace methane concentrations were detectable from the very top of Hole
U0083A, with methane levels in the range of 1800–4800 ppmv between 0.7 and 25.5 mbsf
(Cores U0083A-1R to -4R) within the glacial sediments. Methane levels increased, and were
accompanied by traces of ethane, in the cores sampled below the unconformity at 35.07
mbsf. Methane concentration increased steadily from 15,442 ppmv in Core U0083-6R to
85,144 ppmv in Core U0083-9R. Two HS samples were collected and analyzed in Core
U0083A-10R, where gas levels dropped down to 63,326 and 45,295 ppmv. The next sample
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from Core U0083A-11R contained 125,893 ppmv methane, and two samples were again
collected from the next core. The first sample analyzed from Section U0083A-12R-1
dropped back to 65,236 ppmv methane, but the second sample (Section U0083A-12R-2)
contained 108,134 ppmv. Two analyses in the next core (U0083A-13R) presented similar
variability, with a HS methane concentration of 63,185 ppmv in the sample from the first
section and 116,280 ppmv in the second section.

Figure 8.6-F1. Concentrations of methane (in ppmv) for Hole U0083A. Black bars on the left
indicate recovery for each core.

8.6.2 Carbon and Nitrogen Analyses
Inorganic carbon (IC), total carbon (TC), total organic carbon by difference
(TOCCHNS), and total nitrogen (TN) were analyzed in 24 sediment samples from Hole
U0083A over depths ranging from 0.58 to 102 mbsf (Table 8.6-T2; Fig. 8.6-F2).
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At Hole U0083A, carbonate content is generally low (1–3 wt% as CaCO3). Exceptions
are the upper part of Core U0083A-8R with 45 wt% carbonate and Section U0083A-10R-1
with 68 wt% carbonate. Organic carbon content is low (0.5 wt%) in the glacial sediments.
Carbon contents for this upper part of Site U0083 are similar to those of glacial sediments
in the upper parts of Sites U0110 and U0100. The organic carbon content (by difference
between TC and IC) in Cores U0083A-5R to -13R is in the range of 3–8 wt%, somewhat
higher than the Upper Cretaceous (Turonian–Coniacian?) material recovered at Site U0070,
but lower relative to the recovered Lower Cretaceous (Aptian?–Albian) material from Sites
U0110 and U0080.
The nitrogen contents vary from about 0.2 to 0.5 wt% and are generally
proportional to carbon content. The C/N ratio in the Cretaceous samples varies from 10 to
17 with the higher carbon samples having the higher C/N ratios. The glacial sediments have
a C/N ratio of 3.
Table 8.6-T2. Carbon and elemental analyses from Site U0083.
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Figure 8.6-F2. Total Organic carbon and CaCO3. Total organic carbon content (wt%, black
line) and calcium carbonate content (wt%, blue line) for a selected number of samples at
Hole U0083A. Black bars on the left indicate recovery for each core.

8.6.3 Organic Matter Pyrolysis
A total of 21 samples from Hole U0083A were characterized by source rock analyzer
(SRA) pyrolysis (Table 8.6-T3). The organic carbon content obtained using SRA pyrolysis is
in relatively good agreement with the results of the carbon and elemental analyses (the
TOC from SRA is about 90% of the TOC by difference from the elemental and carbonate
analyses). Samples of Cretaceous sediments from Hole U0083A are characterized by low
oxygen index (OI) values, generally between 5 and 32 mg CO2/g TOC. The two Cretaceous
samples with OIs of 55 and 79 mg CO2/g TOC contain higher amounts of carbonate and
probably reflect some mineral carbon contribution to the S3 peak used to calculate OI. The
hydrogen index (HI) values of the Cretaceous samples range from 46 to 356 mg HC/g TOC.
The plot of HI vs. OI (Fig. 8.6-F3) shows that Cretaceous samples from Hole U0083A contain
organic matter with pyrolysis response that is consistent with marine Type II kerogen. The
Tmax (<430 °C) and production index (PI) values indicate that the organic matter is
relatively immature with respect to hydrocarbon generation. PI values (excluding the
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glacial samples) average about 0.03 indicating a low degree of conversion of kerogen to
hydrocarbons. Tmax values range from 408°C to 429°C, with more organic-rich samples
clustering around 420°C, lower than observed at other Expedition 344S sites. The
correlation of Peters et al. (2004) gives an estimate of vitrinite reflectance of about 0.4%.
Empirical Tmax vs. depth correlations for continuously subsiding sediments suggest
maximum burial depth of less than 1 km for thermal gradients in the range of 30–40°C/km.
The seismic profiles indicate that burial for Site U0083 sediments was about 0.7 km less
than that for Site U0080.
Table 8.6-T3. Pyrolysis (SRA) evaluation of organic matter from Site U0083.
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Figure 8.6-F3. Hydrogen index vs. oxygen index. Roman numerals I–III indicate different
types of kerogen. Only the Cretaceous samples from Cores U0083A-5R to -13R are shown.

8.6.4 References
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9.1 Site Summary
9.1.1 Highlights
Site U0082 (75.59150°N, 65.05784°W, 194.8 m water depth) was a secondary target
to be drilled if the opportunity arose, which it did owing to the abundance of icebergs and
growlers over the northern sites. Any core recovery from this site is thus considered a
bonus in what was otherwise a very tight schedule for the Baffin Bay Scientific Coring
Program (BBSCP).
Coring in Hole U0083A reached a total depth of 88.6 mbsf, close to the intended
depth of 98 mbsf, and accomplished several BBSCP objectives. Highlights include:






Determining that the primary lithology of the middle Cretaceous is carbonaceous
claystone/mudstone unconformably overlain by ~10 m of a clast rich muddy diamict
Quaternary cover.
Recovery of the Albian-Cenomanian boundary.
Determine the late Albian-early Cenomanian paleoenvironmental setting as a low
energy brackish embayment using sedimentological, paleontological, and geochemical
evidence.
Characterizing seismic velocity, density, and porosity of the rock units.
Determining that the nature of the organic matter within the rocks indicate a large
fraction of recycled inert carbon with relatively low petroleum potential.

9.1.2 Background and Objectives
Site U0082 is a new site added during the cruise. It is only about 800 m southeast of
Site U0080 and, as such, is part of the Site 6 region in the GEMS Geophysical Report (GEMS
International Group of Companies, 2011, unpublished report). The site is located on the
northwest Greenland continental shelf, at the southeast end of the Kap York Basin and near
the western edge of the Melville Bay Graben (Figs. 9.1-F1 and 9.1-F2).
The seismic reflection profiles across the site show a thin veneer of sediments,
interpreted prior to the expedition as Quaternary glacial sediments, overlying a southwest
dipping sequence of pre-Quaternary strata (Figs. 9.1-F3). Below about 100 mbsf, the
seismic reflections are poorly resolved in what is referred to as a “wipeout” zone.
Penetration was limited by the Texas A&M University Safety Panel to avoid the wipeout
zone given that the exact nature of the strata could not be discerned from the seismic
records. The site was originally planned to penetrate ~10 m of Quaternary sediment and
then focus on recovering ~90 m of pre-Quaternary sediments.

9.1-1

Chapter 9. Site U0082
9.1 Site Summary

Proceedings of the Baffin Bay
Scientific Coring Program

The primary objectives for coring Site U0082 were to:




Obtain stratigraphic information about the cored section, with a focus on the
lithologies, ages, and paleoenvironmental settings;
Estimate potential source rock characteristics;
Determine the physical properties of the rock units for evaluating potential
reservoir properties and improving seismic velocity models (depth vs. time
curves).

Figure 9.1-F1. Structural elements of Melville Bay area (after Whittaker et al., 1997).
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Figure 9.1-F2. Site locations with bathymetry and seismic lines.

Figure 9.1-F3. Crossing seismic reflection profiles through Site U0082.
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9.1.3 Coring Summary
A single RCB hole was cored to a total depth of 88.6 mbsf at Site U0082
(Table 9.1-T1). In total, 31.22 m of core were recovered from the 10 cores collected from
Hole U0082A, with 9.28 m in the Quaternary section and the other 21.94 m in the
Cretaceous section. The average core recovery was only 35% (Table 9.1-T1 and –T2). Each
core took on average 2.10 hrs to collect. This includes wireline time, time to wait for
headspace gas results from prior core before coring was resumed, and other operations
that took place between cores. Using this time, the core recovery rate was between 3.00
m/hr and 6.78 m/hr, with an average of 4.44 m/hr (Table 9.1-T2). Additional coring
statistics are provided for the hole, cores, and sections in Tables 9.1-T1, -T2, and Appendix
Table 9.1–AT1, respectively.
Table 9.1-T1. Hole summary for Site U0082.

Table 9.1-T2. Core summary for Site U0082.

9.1.4 Science Results
9.1.4.1 Lithology
The stratigraphic section recovered at Site U0082 is divided into two
lithostratigraphic units that are unconformably separated at 9.28 mbsf (see section “9.3
Lithostratigraphy”)(Fig. 9.1-F4). The unconformity is marked by a sharp color and
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lithologic contact between the clast rich muddy diamict of Lithostratigraphic Unit I and the
underlying carbonaceous mudstone and claystone of Lithostratigraphic Unit II.
Lithostratigraphic Unit I (0–9.28 mbsf) consists of very dark gray muds, which are
underlain by clast-rich muddy diamict. Diatoms and planktonic foraminifera found in
Facies 1 suggest an open-marine, postglacial to interglacial environment. The underlying
diamict is attributable to subglacial deposition beneath an ice shelf or grounded ice.
Lithostratigraphic Unit II (9.28–88.60 mbsf) consists of a monotonous succession of
carbonaceous mudstones and claystones. These strata are interpreted to record
sedimentation in a brackish embayment, out of the reach of wave-, storm-, and tidegenerated currents.
9.1.4.2 Ages
The chronostratigraphy for Site U0082 is constrained by diatoms, planktonic
foraminifera, dinoflagellates, pollen, and spores. In addition, the natural remnant
magnetization (NRM) measured before and after magnetic cleaning was used to determine
the magnetostratigraphy.
The age assignment of Quaternary above the unconformity at 9.28 mbsf is broadly
constrained by the presence of the diatom assemblage containing Actinocyclus oculatus,
Coscinodiscus spp., Rhizosolenia hebetata, Thalassiosira gravida, and Thalassiothrix
longissima in the absence of Proboscia curvirostris and Thalassiosira jouseae. Further
evidence is provided by the co-occurrence of the planktonic foraminifera
Neogloboquadrina pachyderma and Neogloboquadrina atlantica. The normal polarity
within this interval is assigned to the Brunhes Chron (C1n; 0-0.781 Ma).
Below the unconformity (9.28 mbsf) the age of late Albian to early Cenomanian is
constrained by dinoflagellate cysts (Nyktericysta cf. arachnion and N. davisii) and pollen
(Rugubivesiculites rugosus, Normapolles pollen, and early angiosperms). This is consistent
with the observed normal polarity and assignment to the Cretaceous Long Normal Polarity
interval (Superchron C34n; 83.64-125.93 Ma).
9.1.4.3 Facies and Paleoenvironmental Setting
The stratigraphic succession of Hole U0082A was divided into three lithofacies with
distinct sedimentological characteristics indicative of their depositional environment (see
“9.3 Lithostratigraphy”). Dark gray muds and clast-rich muddy diamict (Facies 1 and 2)
represent Quaternary sedimentation at Site U0082. The dark gray muds include marine
diatoms, planktonic and benthic foraminifera, and are therefore interpreted as offshore
marine deposits of a post-glacial or interglacial phase. The underlying diamict was
deposited as a sub-glacial till from an ice shelf or grounded glacier.
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Lithostratigraphic Unit II (Facies 3), late Albian to early Cenomanian in age (see “9.4
Chronostratigraphy”), is composed of carbonaceous mudstones and claystones, which form
a remarkably monotonous succession with little lithlological variability. No evidence for
current reworking or re-sedimentation processes is found in these strata. Both physical
and biogenic sedimentary structures are poorly preserved suggesting soupground
conditions possibly due to rapid settling of flocculated, kaolinite-dominated suspension.
Relatively high organic matter contents (4-6 wt%), absence of pyrite and abundance of
siderite suggest sulphate-poor water chemistry, in concert with the occurrence of brackishwater dinoflagellate assemblages (see “9.4 Chronostratigraphy”). The facies of
carbonaceous mudstones/claystones is interpreted as being deposited in a low-energy
setting of brackish embayment. It represents a landward shift in facies relative to the
underlying deltaic system of Site U0080, and is therefore considered part of a long-term
transgressive succession, which postdated drowning of this deltaic system.
9.1.4.4 Physical Properties
The physical properties of Lithostratigraphic Unit I (mud and diamict, 0– 9.28 mbsf)
at Site U0082 were obtained on the Whole-Round Multisensor track system only, as no
discrete samples could be taken. The results are similar to those observed in Quaternary
sediment units at other Expedition 344S sites, with GRA bulk density and magnetic
susceptibility ranging from 1.86 to 2.57 g/cm3 and 2.5  10-3 to 1.81  10-2 (SI volume
units), respectively.
Lithostratigraphic Unit II (9.28–88.6 mbsf) is composed of Cretaceous carbonaceous
claystone and mudstone (see “9.3 Lithostratigraphy”). The lithologic homogeneity of this
unit is reflected in its physical properties, with very little scatter in density, velocity,
porosity, natural gamma radiation, magnetic susceptibility, or color (Fig. 9.1-F4). All
physical property results are consistent with a predominance of aluminosilicate clay
minerals and the effects of increasing compaction with burial depth down hole. Porosity
decreases from ~25 to ~22%, velocity in the vertical (z) orientation increases from
~2190 m/s to ~2360 m/s, and velocity anisotropy (between horizontal (x)- and z-planes)
increases by ~12% with depth, consistent with the effects of increasing compaction. There
are also significant increases downcore in physical properties measured on whole-core
sections that are volume-normalized (density, natural gamma radiation, and magnetic
susceptibility), which appear to be an artifact of the coring process. We attribute this subtle
within-core change to the increasing compaction of sediment crushed during the drilling
process that has accumulated in the lower part of each core liner. However, it is important
to note that this effect is minor and is only noticeable at this site because the lithology is
very homogeneous.
9.1.4.5 Geochemistry
Methane concentrations in Hole U0082 were low, with methane levels below 10
ppmv at the very top of Hole U0082A. Methane levels increased sharply lower in the Hole
(13.3 mbsf) to 34,000 ppmv and vary between 12,000 and 45,000 ppmv to the bottom of
the Hole (Fig. 9.1-F4). The only exception occurred at 53.95 mbsf with 2,625 ppmv of
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methane. Ethane was present from 13.25 mbsf to the base of the core but values were
always below 10 ppmv. Propane was not detected in Hole U0082A. Methane/Ethane
(C1/C2) ratios were always greater than 1,770, indicating that 99.94 % or more of the
hydrocarbons in headspace gas consist of methane.
Carbonate content was low, consistently below 14 wt% CaCO3. Organic carbon
content ranged from 2.45 wt% in Lithostratigraphic Unit I increasing in Lithostratigraphic
Unit II (Cretaceous) to 4 and 6 wt%. The organic carbon content at Site U0082 is
comparable to those of Cretaceous sediments at Sites U0083 and U0100 and slightly higher
than those at Site U0070.Nitrogen contents in Hole U0082 varied from about 0.3 to 0.7
wt%, and were generally proportional to carbon content, with C/N ratios in Hole U0082
varying from 8 to 17.
Ten samples characterized by SRA pyrolysis resulted in TOC ranging from 3.8 to 5.0
wt.%, low oxygen and hydrogen index values, and an estimated vitrinite reflectance value
of about 0.72%. These results, compared with results from Hole U0080, suggest that the
Cretaceous samples from Hole U0082 contain a large fraction of recycled inert carbon with
relatively low petroleum potential.
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9.2 Operations
9.2.1 Transit to Site U0082
Prior to arriving at Site U0082, the JOIDES Resolution (JR) had attempted to core at
Site U0070, but was successful only in surveying the seabed at Site U0061 while waiting on
ice to clear from Site U0070, and then collecting a single core from Site U0070 (Core
U0070A-23R) before once again being forced off site by icebergs and growlers. Given that
the icebergs were not to clear Site U0070 for some time, we decided to core elsewhere. The
JR departed Site U0070 at 2206 hrs on 9 September 2012 on route to Site U0082 (Fig. 9.2F1). The 25.4 nmi trip took 3.4 hours at an average speed of 7.4 knots. Icebergs were
observed within 1 nmi of the site and so we went on standby for 5.75 hours near the site
prior to moving to the site in dynamic positioning (DP) mode, which took another 1.75
hours.

Figure 9.2-F1. Location map of sites cored during the Baffin Bay Scientific Coring Program

9.2-1

Chapter 9. Site U0082
9.2 Operations

Proceedings of the Baffin Bay
Scientific Coring Program

9.2.2 Site U0082 Operations
Operations at Site U0082 began at 0930 hrs on 10 September. No seabed survey was
required as it had been done prior to coring at Site U0083 (see section “8.2 Operations”).
Operations for the first 1.25 hours on site included positioning the vessel over the site
coordinates, assembling the rotary core barrel (RCB) bottom-hole assembly (BHA), and
running the bit down to near the seafloor. These and other Site U0082 operations are listed
in chronological order in Table 9.2-T1 and illustrated in Figure 9.2-F2.

Figure 9.2-F2. Planned and actual operations at Site U0082.
Hole U0082A was spudded with the RCB system at 1050 hrs on 10 September.
Coring proceeded uneventfully from Core U0082A-1R down to -10R (0.00–88.6 mbsf), after
which approaching growlers forced us to pull out of the hole at 0815 hrs on 11 September.
We waited on ice for 2.25 hours and then lowered the Vibration-Isolated Television (VIT)
camera in preparation for reentering the hole. This process was made more difficult
because there had not been enough time to drop a free-fall funnel before pulling out of the
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hole. Multiple attempts to reenter the hole in the soft muddy seabed failed. This ended Hole
U0082A. The VIT camera was recovered, the pipe tripped to the surface, and the rig
secured for transit, with operations at Site U0082 ending at 1718 hrs on 11 September
2012.
Hole U0082A was cored to a total depth (TD) of 88.6 mbsf. A total of 31.22 m of core
were recovered from the 10 cores drilled, giving a core recovery of 35% for the hole. Other
coring statistics are provided in section “9.1 Site Summary” (Tables 9.1-T1 and -T2).
Table 9.2-T1. Site U0082 operations.
Date

Time (hrs)

Hours

Location

Activity

9-Sep-12

2200-2400

2.00

Hole U0070A

Underway to Site U0082. Start sea passage at 2206 hrs.

10-Sep-12

0000-0130

1.50

Transit

Underway to Site U0082. End sea passage at 0130 hrs.

10-Sep-12

0130-0200

0.50

Hole U0082A

Lower thrusters and hydrophones. Switch to DP mode at 0158 hrs.

10-Sep-12

0200-0745

5.75

Hole U0082A

Icebergs ~1 nmi from location coordinates. Standby with bit at top
of hole and wait on ice (WOI) while determining best/safest
course of action and possible ways to spud Hole U0082A.

10-Sep-12

0745-0930

1.75

Hole U0082A

Decision made to spud Hole U0082A. Move ship in DP mode to
location coordinates.

10-Sep-12

0930-1045

1.25

Hole U0082A

Assemble RCB BHA and RIH to 171.0 mbrf. Pick-up top drive and
space out drill string. No need for seabed benthic survey as this
has already been done and site was verified free of any sponge or
coral colonies.

10-Sep-12

1045-1200

1.25

Hole U0082A

Spud Hole U0082A at 1050 hrs. Seafloor depth established with
drill string tag at 206.0 mbrf. Continuous RCB coring. Cut and
recover Core 1R to 9.2 mbsf (215.2 mbrf).

10-Sep-12

1200-2400

12.00

Hole U0082A

Continuous RCB coring. Cut and recover Cores 2R through 6R to
50.4 mbsf (256.4 mbrf).

11-Sep-12

0000-0815

8.25

Hole U0082A

Continuous RCB coring. Cut and recover Cores 7R through 10R to
88.6 mbsf (294.6 mbrf).

11-Sep-12

0815-0845

0.50

Hole U0082A

Growlers encroaching on location. POOH with top drive to 171.0
mbrf.

11-Sep-12

0845-1100

2.25

Hole U0082A

WOI.

11-Sep-12

1100-1115

0.25

Hole U0082A

Deploy VIT.

11-Sep-12

1115-1200

0.25

Hole U0082A

Space out drill string to reenter Hole U0082A.
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Hours

Location

Activity

11-Sep-12

1200-1415

2.50

Hole U0082A

Maneuver vessel for reentry into open/bare hole (no FFF
installed). Abandon attempt to reenter Hole U0082A after several
false entries. Soft bottom complicated ability to reenter existing
hole. Directives were to return to Hole U0083A; however, this site
has several icebergs in close proximity to site.

11-Sep-12

1415-1430

0.25

Hole U0082A

POOH to 190 mbrf and recover VIT.

11-Sep-12

1430-1600

1.50

Hole U0082A

Continue to POOH. Bit clear of rig floor at 1600 hrs.

11-Sep-12

1600-1700

1.00

Hole U0082A

Secure rig for transit.

11-Sep-12

1700-1715

0.25

Hole U0082A

Pull thrusters and hydrophones.

11-Sep-12

1715-2030

3.25

Underway

Switch from DP to cruise mode. Begin sea passage at 1718 hr.
Underway for Site U0061. End sea passage at 2032 hrs.
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9.3 Lithostratigraphy
9.3.1 Overview
One hole was drilled with the rotary core barrel (RCB) system at Site U0082 in 194.9
m deep water. Total depth penetrated at Hole U0082A was 88.6 m, with 31.22 m of
sediment and sedimentary rock recovered in ten cores (Fig. 9.3-F1), for an average
recovery of 35%. Unconsolidated carbonaceous muds and diamicts comprise the upper
9.28 m of Hole U0082A spanning Core (U0082A-1R) and the upper 8 cm of Section
U0082A-2R-1. The remaining 30.09 m of recovered sediment are carbonaceous mudstones.

9.3.2 Lithostratigraphic Units
Two lithostratigraphic units are defined at Site U0082 (Fig. 9.3-F1).
Lithostratigraphic Unit I (0–9.28 mbsf) consists of mud with sand and clast-rich muddy
diamict. Lithostratigraphic Unit II (9.28–88.60 mbsf) consists of a monotonous succession
of carbonaceous mudstones and claystones.
Sediments from the upper part of Lithostratigraphic Unit I are interpreted as
postglacial, offshore marine deposits based on the presence of diatoms and planktonic
foraminifera (see section “9.4 Chronostratigraphy”). These strata are underlain by
subglacial deposits, associated with a grounded ice-sheet or an ice shelf. Sediments from
Lithostratigraphic Unit II are interpreted to record sedimentation in a brackish site
(embayment), out of the reach of wave-, storm-, and tide-generated currents.

9.3.3 Facies Descriptions
Three facies were identified at Site U0082 based on sedimentary composition and
grain size differences (see section “2.3 Lithostratigraphy” in Chapter “2. Methods” for a
description of grain size classification and assigned rock names). Primary physical and
biogenic sedimentary structures are rare throughout the cored interval; where preserved,
these structures provide information on the hydraulic conditions, water chemistry, and
substrate properties of the depositional environment.
9.3.3.1 Facies 1 – Very Dark Gray Muds with Sand
The very dark gray mud lithofacies is characterized by clay to silt texture,
disseminated sand-sized grains (locally up to coarse sand fraction), and homogeneous,
structureless fabric (Fig. 9.3-F2). Smear slide analysis reveals the presence of diatoms and
fragmented sponge spicules (Fig. 9.3-F3). Small (<100 m), star-shaped aggregates of a
carbonate mineral reminiscent of glendonite pseudomorphs (Fig. 9.3-F3) form a common
admixture. Quaternary planktonic foraminifera and diatoms also occur (see section “9.4
Chronostratigraphy”). Facies 1 is the dominant component of Unit I, forming 83% of the
recovered thickness of Quaternary strata.
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Figure 9.3-F1. Lithology and recovery at Site U0082
9.3.3.2 Facies 2 – Clast-Rich Muddy Diamict
Facies 2 consists of a mud/sand mixture with little to no internal layering and
granule to cobble-sized igneous, metamorphic, and reworked sedimentary clasts (Fig. 9.3F4). This facies accounts for 17% of the recovered thickness of Unit I.
9.3.3.3 Facies 3 – Carbonaceous Mudstone/Claystone
Clay to silt texture and black to very dark gray color distinguish the carbonaceous
mudstone/claystone lithofacies (Figs. 9.3-F5 to -F7). Fine-grained sand is present in minor
to trace amounts (<5 vol%). Silt and sand grains typically consist of sub-angular quartz and
mica, less commonly feldspars, and rare amphibole and glauconite (Fig. 9.3-F7). Isolated
crystals and aggregates of a carbonate mineral identified as siderite (see section “9.3.6 XRay Diffraction and Thin Section Results”; Table 9.3-T1) are abundant throughout Facies 3.
Amorphous organic matter appears as cloudy brown globules in smear slides and thin
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sections. Pyrite is absent. Laminations, which appear as slight, sub-millimeter scale
variations in color, are rare (Fig. 9.3-F6). Facies 3 carbonaceous mudstones appear mostly
massive, although thin section analysis and anisotropy of P-wave velocities (see section
“9.5 Physical Properties”) suggest the presence of a distinct horizontal fabric. Bioturbation
structures are identified only locally as poorly defined mottling; ichnospecies were
unidentifiable. Carbonaceous mudstone/claystone is the only lithofacies recovered in Unit
II.

Figure 9.3-F3. Photomicrograph of Facies
1 in Unit I at Site U0082. Photomicrograph
of carbonaceous mud. D = diatom
fragment, S = sponge spicule fragment, Q =
quartz, G = aggregates of carbonate
mineral, possibly calcite pseudomorphs
after ikaite (glendonite).

Figure 9.3-F2. Photograph of Facies 1 in
Unit I at Site U0082. Core photograph of
carbonaceous mud (Interval U0082A-1R1A, 54-74 cm).

9.3.4 Facies Interpretations
Facies 1 is interpreted as post-glacial marine sediment based on the presence of
Quaternary diatoms and planktonic foraminifera. The fine-grained, clay-dominated texture
suggests an offshore setting mostly out of reach of storm waves and tidal currents, and is
consistent with the present-day water depth. No physical sedimentary structures were
identified that would help to infer the processes responsible for sand delivery. Occasional
storm-generated currents or fall-out from glacial ice provide possible mechanisms. The
apparently structureless fabric is probably caused by drilling disturbance of the
unconsolidated sediment, although homogenization by burrowing organisms cannot be
excluded.
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Table 9.3-T1. XRD results from bulk samples from Site U0082. Semi-quantitative
assessment of mineral abundance is based on a comparison of peak intensities. It should be
noted that these XRD signatures are not linearly proportional to real mineral abundances
(see methods section “2.3 Lithostratigraphy”). The approximate abundances are as follows:
A = >30%, C = 30–10%, F = 10–3%, R = <3%.

The sedimentary characteristics and stratigraphic position of Facies 2 suggest it
represents a glacial till. These strata might have been deposited as “rain-out tills” from
beneath ice shelves. There is little evidence of open water conditions, as planktonic
foraminifera, diatoms and nannofossils were not observed. Benthic foraminifera were also
not observed in Facies 2, making it possible that deposition occurred from grounded ice as
lodgement till.
The fine-grained nature of Facies 3 indicates deposition in a low energy
environment below storm wave-base and out of the reach of storm- and tide- generated
currents. The presence of feldspars, amphibole, and chlorite (see section “9.3.6 X-Ray
Diffraction and Thin Section Results”) suggests relatively weak chemical weathering
and/or short transport path to the site of deposition. The scarcity of bioturbation
structures might be an artifact of preservation reflecting low textural and color contrasts
within the sediment. Another possibility is that bioturbation was primarily absent or scarce
due to stressed environmental conditions such as lowered oxygenation or salinity. One of
the potentially limiting factors for burrowing organisms is substrate stiffness. The poor
preservation of primary lamination is consistent with soup-ground conditions, which can
restrict both burrowing intensity and lamina preservation (Ekdale, 1985). Since burrowing
is an important factor aiding pore-water oxygenation, the positive feedback of reduced
burrowing intensity due to soup-ground conditions might have contributed to the
establishment of anoxic pore waters and organic matter preservation in the sediment.
Water-saturated, soup-ground substrates have been described from depositional sites with
high rates of clay accumulation, typically close to river mouths where they form as a
consequence of clay flocculation (e.g., Hodgson, 1999). The prevalence of kaolinite in the
clay fraction of Facies 3 (Table 9.3-T2) is in agreement with this hypothesis (Krone, 1978;
Berner and Berner, 2012), which is further corroborated by the stratigraphic position of
Site U0082 as part of transgressive sequence above the delta-plain deposits of Site U0080.
Thin section and smear slide samples show that siderite grains are secondary,
indicating post-burial diagenesis. Siderite (FeCO3) formation requires specific conditions,
including the presence of reduced iron (Fe2+) and bicarbonate, and the absence of sulfate
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(Berner, 1981). High total organic carbon and methane (see section “9.6 Geochemistry”)
point to active bacterial methanogenesis in Facies 3 where siderite is common.
Methanogenesis reduces iron oxides (Fe2O3), which are transported as part of the detrital
load or form sedimentary coatings in oxygenated water columns. Methanogenesis also
produces bicarbonate during the oxidation of organic matter (Curtis et al., 1986). Thus,
both reactants are available for siderite formation, but precipitation will only occur in the
absence of SO42-. Matsumoto and Iijima (1981) showed that both SO42- and Ca2+
concentrations are much higher in marine relative to freshwater environments, leading to
the preferred precipitation of FeS2 and CaCO3 as the main byproducts of methanogenesis of
marine organic matter. Similar to Site U0080, no pyrite was observed at Site U0082,
indicating no initial sulfate was present or that concentrations were low and quickly
consumed by the oxidation of organic matter. The presence of siderite and absence of
pyrite in Facies 3 indicate freshwater to brackish conditions at the time of deposition of
Unit II. Brackish water dinoflagellate cysts are found in the intervals with siderite (see
section “9.4 Chronostratigraphy”).

Figure 9.3-F4. Photograph of Facies 2 in
Unit I at Site U0082. Core photograph of
clast-rich muddy diamict (upper part of
the image) and its contact with
underlying Facies 3 (the latter disturbed
by either drilling or sub-glacial shearing)
(Interval U0082A-2R-1A, 0-14 cm).

Figure 9.3-F5. Photograph of Facies 3 in
Unit II at Site U0082. Core photograph of
carbonaceous mudstone/claystone with
its typical, homogeneous appearance
(Interval U0082A-5R-1A, 102-118 cm).

The above interpretation suggests that Facies 3 formed in a brackish embayment or
lake. The former possibility is supported by paleogeographic interpretations (e.g., Williams
and Stelck, 1975; White et al., 2000), but an episodic closure of these connections during
lows in eustatic sea level cannot be excluded. The sediment texture and absence of current
induced sedimentary structures should make it possible to bracket bathymetry of this
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brackish or freshwater site. Storm wave-base, which defines the upper limit of the
depositional range of these carbonaceous mudstones, was probably rather shallow given
the semi-enclosed geometry of the paleo-Baffin Bay area (Hay et al., 2001). Even though
numerical modeling of atmospheric circulation during the mid-Cretaceous suggests
possibly favorable wind patterns and high seasonality (Slingerland et al., 1996; Floegel,
2001; Floegel et al., 2005), the basin provided a very limited fetch for coastal setup and
formation of storm-generated currents. Similarly, the energy of tidal currents and winddriven oscillatory flows must have dissipated rapidly in the restricted paleo-Baffin Bay and
in the shallow straits connecting the embayment with the Western Interior and possibly
other basins (Williams and Stelck, 1975; White et al., 2000; Hay et al., 2001). Fluvialdominated depositional systems found along the basin margin (e.g., Site U0080) are
characterized by highly irregular coastal geometries, which further contribute to energy
dissipation. The lower limit of the local bathymetry is even more difficult to assess, but the
absence of gravity deposits (see “Chapter 6. Site U0070”) suggests a low gradient
bathymetric profile of the basin margin. Given the geographic restriction of the basin (Hay
et al., 2001), we suggest that the range of possible water depths of Facies 3 is tens of meters
to a few hundreds of meters.
Table 9.3-T2. XRD results from the clay fraction (<4 m) from Site U0082. Counts refer to
peak intensities following background subtraction. Abundances and clay-mineral ratios are
based on peak intensities, which are not linearly proportional to mineral concentrations.
Approximate abundances: A = >30%, C = 30–10%, F = 10–3%, R = <3%.

9.3.5 Unit Descriptions and Interpretations
Based on visual core descriptions and smear slide analyses, the sediments at Site
U0082 are divided into two lithostratigraphic units.
9.3.5.1 Unit I
Interval: 344S-U0082A-1R-1, 0 cm through -2R-1, 8 cm
Depth: 0.00–9.28 mbsf
Age: Quaternary
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Unit I is composed of very dark gray muds of Facies 1, which are underlain by
diamicts of Facies 2. Diatoms and planktonic foraminifera occur in Facies 1. Gneisses and
granites/granitoids, with lesser amounts of sedimentary rocks, dominate the clasts within
the diamicts.
Although recovery was poor, the base of Unit I is well preserved 8 cm beneath the
top of Section U0082A-2R-1. The thickness of Quaternary strata of Unit I is 9.28 m. The
stratigraphic position of Unit I and the characteristics of Facies 1 support the interpretation
of the carbonaceous muds as open-marine, post-glacial deposits. The lower part of Unit I
formed as a sub-glacial till or rainout till beneath an ice shelf.

Figure 9.3-F7. Photomicrograph of Facies 3
in Unit II at Site U0082. Photomicrograph
of carbonaceous mudstone/claystone
(Interval U0082A-3R-2W, 78-80 cm),
plane-polarized light.

Figure 9.3-F6. Photograph of Facies 3 in
Unit II at Site U0082. Core photograph of
carbonaceous
mudstone/claystone.
Physical sedimentary structures are
found only locally. Arrows point to subhorizontal laminae (Interval U0082A10R-2A, 34-38 cm).
9.3.5.2 Unit II

Interval: 344S-U0082A-2R-1, 8 cm through -10R-CC, 42 cm
Depth: 9.28–88.60 mbsf
Age: late Albian to early Cenomanian
Only Facies 3 was recovered from Unit II of Hole U0082A. This facies is strikingly
monotonous, with no apparent variability in color and internal fabric. Thin section analyses
(Table 9.3-T3) suggest only a subtle increase in clay proportion towards the top of this unit.
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No relics of other lithofacies were found anywhere in the interval from U0082A-2R-1, 8 cm
to -10R-CC, 42 cm (9.28–88.60 mbsf). Thus, even though recovery of Unit II sediments at
Site U0082 was relatively low (35% on average), Facies 3 is probably representative of the
entire sedimentary package comprising Unit II.
These strata are interpreted as deposits of a low-energy, brackish setting. The low
salinity at Site U0082 is consistent with a semi-enclosed geometry of the basin and
proximity to large land areas of the North American craton and Greenland. Even though the
paleo-Baffin Bay likely communicated with the adjacent seas during the Albian (e.g.,
Hudson arm connection with the Western Interior, Williams and Stelck, 1975; White et al.,
2000) the connection was likely shallow as suggested by plate tectonic reconstructions
(Hay et al., 2001).
Table 9.3-T3. Thin section results from Site U0082.

High freshwater surface runoff from northern Greenland (Floegel, 2001), together
with the shallow and restricted geometry of the basin, likely resulted in an estuarine-like
setting with reduced surface salinities. Input of saline water would be restricted to
intermediate or deep water flows, sensitive to changes in water depth and bottom
topography upon their introduction into paleo-Baffin Bay. Inferred low salinities in Unit II
suggest that the depositional site was located mostly landward of the intermediate- or
deep-water salt wedge.
The presence of chlorite in the clay mineral fraction and the abundance of feldspars
and other relatively unstable minerals suggest weak chemical weathering and/or a short
transport path from the source area. The latter might indicate tectonic uplift in the
hinterland.
The carbonaceous mudstones/claystones of Unit II can be considered transgressive
or highstand facies, whose deposition post-dated drowning of the delta plain at Site U0080
(Fig. 9.3-F8). Transgressive ravinement of older, organic-rich strata at the basin margin can
explain the presence of reworked organic matter with relatively high vitrinite reflectance
(see section “9.6 Geochemistry”). The contribution of eustatic and tectonic components to
the relative sea level rise responsible for the delta retreat and accumulation of >80 m of
fine-grained sediment is difficult to assess; however, the secular trend of increasing water
depth and marine influence throughout the Albian to Coniacian in the study area cannot be
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attributed solely to eustasy that peaked during the Early Turonian (e.g., Miller et al., 2005).
Plate-tectonic reconstructions (Hay et al. 2001) suggest that rifting in the paleo-Baffin Bay
area might have been responsible for the observed stratigraphic pattern.

Figure 9.3-F8. Unit II depositional environment at Site U0082. In this scenario, Site U0082
is located in an offshore setting, which was established in the area following retreat of the
deltaic system of Site U0080.

9.3.6 X-Ray Diffraction and Thin Section Results
Bulk samples and the clay fraction (<4 m) were analyzed with X-ray diffraction
(XRD) to determine the mineral composition and approximate abundances of minerals.
Five samples were glycolated to distinguish possible smectite in the clay mineral fraction.
Details on XRD methodology and semi-quantitative assessment of mineral contents are
given in the methods section “2.3 Lithostratigraphy”.
The carbonaceous muds and diamict of Unit I (Quaternary) are dominated by
quartz, K-feldspars, and plagioclase in the bulk sample. The clay fraction consists mostly of
kaolinite, followed by illite and chlorite. No detectable amounts of smectite were found.
Less abundant minerals include siderite in bulk sample, amphibole in both bulk and clay
fractions, and trace amounts of pyrite.
Most samples from Unit II are dominated by quartz, which is present as detrital, siltto sand-sized particles according to thin-section analysis. Minor detrital components
include K-feldspar, plagioclase, and clay minerals (see below). No pyrite was detected.
Carbonate cements and silt- to sand-sized carbonate intraclasts are composed mostly of
siderite, with dolomite and Mg-calcite being less abundant. Kaolinite is the most abundant
clay mineral of Unit II. Illite and chlorite are always present, the latter becoming more
abundant towards the base of Unit II. Smectite is absent.
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9.4 Chronostratigraphy
9.4.1 Introduction
The chronostratigraphy for Site U0082 is constrained by diatoms, planktonic
foraminifera, dinoflagellates, pollen, and spores. In addition, the natural remnant
magnetization (NRM) measured before and after magnetic cleaning was used to determine
the magnetostratigraphy. The age assignment of Quaternary above the unconformity at
9.28 mbsf is broadly constrained by the presence of the diatom assemblage containing
Actinocyclus oculatus, Coscinodiscus spp., Rhizosolenia hebetata, Thalassiosira gravida, and
Thalassiothrix longissima in the absence of Proboscia curvirostris and Thalassiosira jouseae.
Further evidence is provided by the co-occurrence of the planktonic foraminifera
Neogloboquadrina pachyderma and Neogloboquadrina atlantica. The normal polarity
within this interval is assigned to the Brunhes Chron (C1n; 0-0.781 Ma). Below the
unconformity (9.28 mbsf) the age of late Albian to early Cenomanian is constrained by
dinoflagellate cysts (Nyktericysta cf. arachnion and N. davisii) and pollen (Rugubivesiculites
rugosus, Normapolles pollen, and early angiosperms). This is consistent with the observed
normal polarity and assignment to the Cretaceous Long Normal Polarity interval
(Superchron C34n; 83.64-125.93 Ma).

9.4.2 Paleontology
Samples for Site U0082 were examined for calcareous nannofossils, foraminifera,
diatoms, dinoflagellate cysts, pollen, and spores. Samples were collected from core catchers
of each core, with a few additional samples taken from split-core sections. The primary
results for all fossil groups are summarized in Figure 9.4-F1. The glacial muds contain
diatoms, as well as planktonic and benthic foraminifera within one sampled interval. Below
the unconformity at 9.28 mbsf, the sediments are completely barren of calcareous
nannofossils, foraminifera, and diatoms; however, these brackish water sediments contain
dinoflagellates, pollen, spores, and other algae that indicate a late Albian to early
Cenomanian age.
9.4.2.1 Calcareous Nannofossils
All ten samples examined for calcareous nannofossils are barren (Appendix Table
9.4-AT1).
9.4.2.2 Foraminifera
Eight samples from Site U0082 were analyzed for foraminifera (Appendix Table 9.4AT1). One sample produced benthic and planktonic foraminifera, U0082A-1R-CC, 0-3 cm
(0.82 mbsf). The planktonic foraminifera include the species Neogloboquadrina
pachyderma (compact-sinistral [s]), Neogloboquadrina atlantica, Globigerina falconensis,
and Globigerina bulloides. Globigerina falconensis appears in the Early Miocene (Zone N7)
and the first occurrence of G. bulloides is in the Middle Miocene (Zone N9), with both
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ranging to the present; however, the co-occurrence of N. pachyderma (s) and N. atlantica
indicates an age of 2.0–2.4 Ma (Aksu and Kaminski, 1989). The benthic foraminifera
present include Cibicides refulgens, Cibicides lobatulus, Elphidium excavatum, Cassidulina
teretis, Cassidulina reniforme, and Nonionellina labradorica, taxa that are present in
Quaternary and Holocene northern high latitude sediments (Belanger and Streeter, 1980;
Korsun and Hald, 1998).

Figure 9.4-F1. Chronostratigraphic summary for Site U0082.
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9.4.2.3 Diatoms
Moderately well preserved diatoms occur in Samples U0082A-1R-1, 20 cm to -1R-CC
(0.20–0.82 mbsf). Below this interval, all samples (U0082A-2R-CC, 19-22 cm to -10R-CC,
37-42 cm [13.04–81.81 mbsf]) are barren of diatoms (Appendix Table 9.4-AT1). The
assemblage in samples from Core U0082A-1R-1, 20 cm to -1R-CC (0.20–0.82 mbsf)
contains the typical modern, open marine, Arctic diatom taxa Actinocyclus oculatus,
Coscinodiscus spp., Rhizosolenia hebetata, Thalassiosira gravida, and Thalassiothrix
longissima, along with fragmented sponge spicules and silicoflagellates. An age of late
Pleistocene (<.305 Ma) is assigned to this interval based on the presence of the above listed
taxa and the absence of Proboscia curvirostris (last appearance datum [LAD] 0.295–0.305
Ma) and Thalassiosira jouseae (LAD 0.295–0.305 Ma) (Koç et al., 1999). The inconsistency
between the age determined from foraminiferal evidence (2.0–2.4 Ma) for Sample U0082A1R-CC (0.82 mbsf) and that obtained from diatom evidence (<0.305 Ma) is likely due to
drilling disturbance, another explanation is that the absence of the marker diatom species
Proboscia curvirostris and Thalassiosira jouseae may be due to environmental exclusion.
9.4.2.4 Dinoflagellate Cysts
A total of nine samples from Hole U0082A were examined for dinoflagellate cysts
and selected spores, pollen, and algae (Appendix Table 9.4-AT2). The organic material in
the samples is dominated by terrestrially derived organic matter: undifferentiated plant
debris, tracheids, cuticles, spores, and pollen (Fig. 9.4-F2). In addition to the terrestrial
material, low diversity assemblages of thin walled brackish water dinoflagellate cysts,
acritarchs, and chlorococcalean algae were recorded from nine samples from Cores
U0082A-2R to -10R (13.04–81.81 mbsf) (Appendix Table 9.4-AT2).
Samples from Site U0082 contain the dinoflagellate cysts Nyktericysta davisii with
relatively long post- and pre-cingular horns and Nyktericysta cf. arachnion, the acritarch
genera Fromea and Wurioa, the chlorococcalean algae Tetranguladinium conspicuum, and
the pollen Rugubivesiculites rugusus (Figs. 9.4-F2 and -F3). A possible new species
questionably referred to as Moorodinium sp. tabulate is also present (Fig. 9.4-F3). The
specimens are questionably referred to the genus Moorodinium Backhouse (1988) due to
the presence of both a small apical and antapical rounded tip, which only differs slightly
from the original diagnosis of the genus. It is noteworthy that Backhouse (1988) mentioned
that the genus occupied a series of fresh or brackish water environments in the Perth Basin
(Western Australia) during the Late Jurassic and Early Cretaceous.
Paleoenvironment and Age
The presence of Nyktericysta cf. arachnion and N. davisii may suggest a late Albian
age for the sediment below the unconformity at 9.28 mbsf. Nyktericysta arachnion and N.
davisii were first described by Bint (1986) from upper Albian marine shale of the Western
Interior USA. In his description of N. davisii, Bint (1986, p. 149) mentioned: “The lateral
horns are variable in size and on rare specimens may be reduced to low, rounded bulges
bearing very small pre- and postcingular extensions”; however, he only illustrated one
specimen with long pre- and post-cingular extensions (Bint, 1986, pl. 6, fig. 9).
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Observations from West Greenland indicate that forms of N. davisii with relatively long
post- and pre-cingular horns may be slightly younger in age than those with reduced postand pre-cingular horns (Nøhr-Hansen, 2005, 2008). Nyktericysta davisii specimens with
relatively long post- and pre-cingular horns were recorded together with a marine
dinoflagellate cyst assemblage of middle to late Albian age, Artic Canada (MacRae, 1992;
Nøhr-Hansen and McIntyre, 1998) and Nyktericysta cf. arachnion was recorded as
“Nyktericysta sp. A” from the upper Albian Baston Ridge Formation, Artic Canada (MacRae
et al., 1996), suggesting a similar age for Cores U0082A-2R to -10R (13.04‒81.81 mbsf). A
late Albian age may also be supported by the presence of the pollen R. rugosus (Fig. 9.4-F2),
which has a first occurrence within the Ravn Kløft Member (assigned a late Albian–early
Cenomanian age) onshore West Greenland (Nøhr-Hansen, 2008; Dam et al., 2009).

Figure 9.4-F2. Photomicrographs of the general palynofacies, algae, pollen and acritarchs
from Site U0082. (A) Typical field of view illustrating the dominance of terrestrial material,
Sample U0082A-3R-CC, 14-17 cm (15.45 mbsf). Images B and C from Sample U0082A-10RCC, 37-42 cm (81.81 mbsf). Images D and E from Sample U0082A-6R-CC, 28-33 cm (45.63
mbsf).
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A brackish marginal marine depositional environment is interpreted for Site U0082
based on the abundance of terrestrially derived material and the presence of Nyktericysta
spp., described from marine shales interbedded with sheet-like sandstone beds presumed
to represent delta front processes, and the presence of Moorodinium sp., and the
chlorococcalean algae of the genus Tetranguladinium. Similar dinoflagellate cyst
assemblages have previously been reported from brackish water to partly marine deposits
of Albian age from the upper part of the Ravn Kløft Member from the lowermost part of the
Atane Formation at Nuussuaq, West Greenland (Nøhr-Hansen, 2005, 2008; Dam et al.,
2009). The environmental interpretation may also be supported by the presence of the
chlorococcalean algae T. conspicuum, which previously has been recorded from the Lower
Cretaceous Wealden deposits of southern England that likely accumulated in fresh to
slightly brackish water conditions (Batten and Lister, 1988).

Figure 9.4-F3. Photomicrographs of dinoflagellate cysts from Site U0082. Images A and B
show Nyktericysta davisii with long post- and pre-cingular horns: (A) Sample U0082A-10RCC, 37-42 cm (81.81 mbsf); (B) Sample U0082A_5R_CC, 32-35 cm (34.12 mbsf). Image C
Sample U0082A-7R-CC, 31-35 cm (54.26 mbsf). Image D Sample U0082A-8R-CC, 37-42 cm
(63.29 mbsf).
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9.4.2.5 Pollen and Spores
Ten samples from Hole U0082A were analyzed for pollen and spores, mostly from
core-catcher material. In general, the abundance of terrestrial palynomorphs in Hole
U0082A is very high, with the greatest abundances in Samples U0082A-2R-CC, 19-20 cm
(13.04 mbsf) and -5R-CC, 32-35 cm (34.12 mbsf) (Appendix Table 9.4-AT3).
Unlike in the Cretaceous sections of other sites cored during Expedition 344S, the
palynomorph assemblage from samples below the unconformity at Site U0082 is very
uniform in composition from top to bottom (Fig. 9.4-F4). Diverse bisaccate pollen and the
spores Cyathidites spp., Gleicheniidites spp., and Osmundacidites spp. dominate the
assemblage in Hole U0082A (Fig. 9.4-F5). Although the assemblage is not subdivided into
informal intervals at this site, a trend in pollen is observed within the Cretaceous
sediments. Monolete conifer pollen is more abundant in samples from Cores U0082A-2R to
-5R (13.04-34.12 mbsf), whereas bisaccate conifer pollen dominate in the lower part of the
hole (Samples U0082A-6R-CC, 28-33 cm to -10R-CC, 37-42 cm [45.63-81.81mbsf]). The
abundance and diversity of pteridophyte and Microphyllophyta (Lycopadiaceae type)
spores decrease from the unconformity to the bottom of the hole (Appendix Table 9.4AT3).

Figure 9.4-F4. Photomicrographs illustrating the palynofacies at Site U0082. (A) Sample
U0082A-5R-CC, 32-35 cm (34.12 mbsf); (B) Sample U0082A-9R-CC, 30-35 cm (73.44 mbsf);
(C) Sample U0082A-10R-CC, 37-42 cm (81.81 mbsf).
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Figure 9.4-F5. Photomicrographs of pollen and spores from Site U0082. Images A, B, C, and
H from Sample U0082A-10R-CC, 37-42 cm (81.81 mbsf). Images D, G, K, and L from Sample
U0082A-3R-CC, 14-17 cm (15.45 mbsf). Images E and J from Sample U0082A-7R-CC, 31-35
cm (54.24 mbsf). Image F from Sample U0082A-2R-CC, 19-22 cm (13.04 mbsf). Image I
from Sample U0082A-5R-CC, 32-35 cm (34.12 mbsf). Images M and N from Sample
U0082A-6R-CC, 28-33 cm (45.63 mbsf). Image O from Sample U0082A-4R-CC, 28-32 cm
(25.68 mbsf).
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Megaspores and miospore assemblages are most diverse and abundant in the upper
part of the hole (Cores U0082A-2R to -5R [13.04–34.12 mbsf]) (Fig. 9.4-F5). An angiosperm
pollen assemblage characterized by low abundance and diversity also occurs throughout
Hole U0082A (Appendix Table 9.4-AT3), with small forms dominating, including Tricolpites
spp. and Tricolporopollenites spp. Assemblages at Site U0082 also contain a number of
noteworthy terrestrial palynomorph taxa, including the Normapolles pollen
Extratriporopollenites spp., Alnipollenites spp., and Paraalnipollenites aff. confusus, as well
as the spore Cranwellia spp. (Fig. 9.4-F5; Appendix Table 9.4-AT3).
Age and Paleoenvironment
The occurrence of Normapolles type pollen, together with small angiosperm taxa
suggest an age not older than Cenomanian for the sediments below the unconformity at
Site U0082. Normapolles pollen is biostratigraphically significant, as it first appears during
the Cenomanian and diversifies throughout the remainder of the Cretaceous (Traverse,
1988). Li et al. (2011) record the first appearance of the trilete spore Cranwellia in the late
Turonian in China; however, it is possible that this taxon has a diachronous first
appearance.
The palynofacies indicate no significant changes in the terrestrial environment
throughout deposition of the Cretaceous section of Hole U0082A, although there is some
evidence of plant community evolution. The pollen assemblages suggest a hinterland
dominated by a swampy conifer and tree-fern forests with early angiosperm plants in a
very warm and moist climate.

9.4.3 Paleomagnetism
The investigation of magnetic properties from the ten cores collected at Site U0082
included the measurement of bulk susceptibility of whole-core and split-core sections and
the natural remanent magnetization (NRM) of archive-half sections (Appendix Table 9.4AT4). Alternating field (AF) demagnetization at 10 and 20 mT was conducted on all cores.
Stepwise AF demagnetization on eight discrete samples was performed at successive peak
fields of 0, 5, 10, 15, 20, 25, 30, 35, 40, 50, and 60 mT to verify the reliability of the splitcore measurements (Appendix Table 9.4-AT5). Four samples yielded very good fits with
principal component analysis (PCA; Kirschvink, 1980), having a maximum angular
deviation of <5°; the other samples have angles between 15° and 20° and were discarded
from the analysis. The location of the discrete samples taken from Hole U0082A is
indicated in the inclination and declination panels of Figure 9.4-F6. We cleaned the splitcore data extracted from the LIMS database by removing all measurements from within 5
cm of the section ends. Although the rotary cores are fractured to varying degrees by the
drilling process, there were no specific intervals that needed to be removed from the
measurements because they might have caused problems with the magnetic
measurements.
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Figure 9.4-F6. Summary of paleomagnetic data and magnetostratigraphy at Site U0082.
Discrete sample locations are indicated in the declination and inclination columns by red
symbols. The polarity stratigraphic interpretation is given, despite a few recovery gaps,
with a single black interval representative of normal polarity. NRM intensity, declinations,
and inclinations prior to demagnetization are plotted with blue symbols and after 20-mT
demagnetization with green symbols. The large scatter in magnetic declinations is caused
by the random horizontal orientation of the core pieces recovered by the rotary coring
system.
9.4.3.1 Natural Remanent Magnetization and Magnetic Susceptibility
The intensity of NRM after 20-mT demagnetization ranges from ~10-4 to ~10-2 A/m,
with a mean of 3.8 x 10-2 A/m before and 1.6 x 10-3 A/m after AF demagnetization (Fig. 9.4F6). Within Lithostratigraphic Unit I (<9.28 mbsf), the intensity is on the order of 10-2 A/m
(mean = 1.3 x 10-2) and below the unconformity, the intensity decreases by one to two
orders of magnitude to ~10-3 to ~10-4 A/m (mean = 1.2 x 10-3).
Despite the overall low magnetic intensities in Lithostratigraphic Unit II, a relatively
stable magnetic component, which allows for the determination of magnetic polarity, was
preserved. A magnetic overprint with steep positive inclinations, which was probably
acquired during drilling, was usually erased by the 20-mT demagnetization step (Fig. 9.4-
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F7); however, directions of the NRM show some scatter in the weakly magnetic lithologies
below ~9 mbsf.
The demagnetization behavior of four discrete samples that yielded good PCA
results is illustrated in Figure 9.4-F7. Two of them display a soft magnetic overprint that
was removed with 15-20 mT AF demagnetization, demonstrating that this magnetic
cleaning level is sufficient to eliminate the overprint.

Figure 9.4-F7. Demagnetization results for four discrete samples. For each sample, the plot
to the left shows the vector end points of paleomagnetic directions on vector
demagnetization diagrams or modified Zijderveld plots (red squares are inclinations and
blue circles declinations), and the plot to the right shows the intensity variation with
progressive demagnetization. Those data outlined in black were used to compute mean
directions from principal component analysis.
Magnetic susceptibility measurements were made on whole cores as part of the
Whole-Round Multisensor Logger (WRMSL) analysis and on split-core sections using the
Section-Half Multisensor Logger (SHMSL; see section "9.5 Physical Properties"). Magnetic
susceptibility is consistent between the two instruments (Fig. 9.4-F6) and in general
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parallel to the intensity of magnetic remanence. It varies between 8.3 × 10-5 and 1.7 × 10-2
(SI volume units; Fig. 9.4-F6 first panel; split-core measurements are offset by a factor of
10) with an average of 3.7 × 10-3 (SI volume units) in the Quaternary sediments and 2.3 ×
10-4 (SI volume units) in the underlying Cretaceous mudstones and shales, which is
comparable to the values from other Expedition 344S sites, especially Site U0083.
9.4.3.2 Magnetostratigraphy
Only magnetic inclinations were used for the magnetostratigraphic interpretation at
this site. The geomagnetic field at the latitude of Site U0082 (75.6°) has an expected
inclination of 82.7°, assuming a geocentric axial dipole field model, which is sufficiently
steep to determine magnetic polarity in RCB cores that lack horizontal orientation.
Despite the low recovery above the unconformity at ~9 mbsf and relatively high
coring disturbances, magnetic inclinations of split-core data indicate that the Brunhes
Chron (C1n; 0-0.781 Ma) is recorded; however, inclinations are much shallower than
expected (20° on average) and the results from the discrete sample analysis were
inconclusive. The age of the normal polarity interval below the lithological unconformity to
the bottom of the hole is biostratigraphically constrained by dinoflagellates and pollen to
the late Albian-Cenomanian and assigned to Superchron C34n (83.64–125.93 Ma).
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9.5 Physical Properties
9.5.1 Overview
The physical properties obtained from Lithostratigraphic Unit I (mud and diamict, 0
to 9.28 mbsf) at Site U0082 are similar to those observed in Quaternary sediment units at
other Expedition 344S sites. Lithostratigraphic Unit II (9.28–88.6 mbsf) is composed of
Cretaceous carbonaceous claystones and carbonaceous mudstones (see section “9.3
Lithostratigraphy”). The lithologic homogeneity of this unit is reflected in its physical
properties, with very little scatter in density, velocity, porosity, natural gamma radiation,
magnetic susceptibility, and color (Table 9.5-T1). All physical property results are
consistent with a predominance of aluminosilicate clay minerals and the effects of
increasing compaction with burial depth downhole (Fig. 9.5-F1a-b). Porosity decreases by
~3%, velocity (z-axis) increases by ~6%, and velocity anisotropy (between x- and z-axis)
increases by ~12% with depth, consistent with the effects of increasing compaction. There
are also significant increases downcore in physical properties that are measured on wholecore sections that are volume-normalized (density, natural gamma radiation (NGR), and
magnetic susceptibility), which appear to be an artifact of the coring process. We attribute
this subtle within-core change to the increasing compaction of sediment crushed during the
drilling process and accumulated in the lower part of each core liner. It is only notable at
this site because the lithology is homogeneous.

9.5.2 Measurements and Data Analysis
9.5.2.1 Whole Round Measurements
Measurements with the Whole-Round Multisensor Logger (WRMSL) were obtained
at 2.5 cm intervals for GRA wet bulk density and magnetic susceptibility (MS) for all cores.
Natural gamma radiation was measured at 10 cm intervals. P-wave velocity (Vp)
measurements were disabled because the thinner diameter of most RCB cores relative to
the core liner precludes Vp measurements on the WRMSL.
We have filtered the GRA density and MS data to remove spurious points caused by
voids in the core and section breaks using a MATLABTM routine (Appendix Table 9.5-AT1).
We applied the density correction factor of Jarrard and Kerneklian (2007), which attempts
to correct for the smaller diameter of the RCB cores relative to the core liner (see section
“2.5 Physical Properties”).
9.5.2.2 Split Core Color Spectroscopy
Color reflectance was measured at a resolution of 2.5 cm. The results are reported in
the CIELAB color scale in terms of lightness (L*) and color indices a* (green to red, with
green negative and red positive) and b* (blue to yellow, with blue negative and yellow
positive). Values of a* range from -3 to 0.8 in Lithostratigraphic Unit I and from -3.5 to 2.1
in Lithostratigraphic Unit II. Ranges for b* values vary from -0.9 to 12.9 in Unit I, and
from -5.7 to 16.1 in Unit II. Lightness values vary from 18.9 to 41.0 in Unit I and between
9.5-1
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12.1 and 43.8 in Unit II. Much of this variation may be related to cracks, how wet or dry the
scanned surface of the core is, or other factors unrelated to the very homogeneous core
material. True downhole variations in color are at best subtle within the black
carbonaceous mudstones/claystones (Fig. 9.5-F1b; Appendix Table 9.5-AT2).
Table U0082-9.5-T1. Summary of physical properties for Lithostratigraphic Units I and II.

.
9.5.2.3 Discrete Sample P-wave Velocity Measurements
The unconsolidated nature of Lithostratigraphic Unit I combined with drilling
disturbance within this interval precluded the collection of discrete cubes and therefore no
discrete P-wave measurements were made in this interval.
Discrete samples from Lithostratigraphic Unit II (15 cubes with 8 cm3 volume) were
used for velocity, and for moisture and density measurements when possible. None of these
measurements have been corrected to in situ temperature and pressure conditions. The
single claystone sample (U0082A-2R-2, 105-107 cm) yielded a horizontal (x-axis) P-wave
velocity of 2140 m/s. P-wave velocity in mudstone samples varied from 2170 to 2350 m/s
in the vertical (z-axis) direction, and from 2370 to 2600 m/s in the horizontal plane
(Appendix Table 9.5-AT3).
All mudstone samples exhibit a strong velocity anisotropy, with the velocity in the
vertical axis consistently slower than in the horizontal axis. A linear increase of P-wave
velocities with depth was observed for all axes, although the rate of increase is different for
the vertical and horizontal planes. The difference between the x- and the z-axes velocity at
~10 mbsf is 7%, increasing to 12% at the bottom of the hole.

9.5-2

Chapter 9. Site U0082
9.5 Physical Properties

Proceedings of the Baffin Bay
Scientific Coring Program

Figure 9.5-F1a. Downcore physical properties measurements. Downcore measurements of
bulk density (GRA = gamma ray attenuation density data from Whole-round Multisenor
Logger), grain density, P-wave velocity (Vp), and porosity.
The linear relationships between Vp and depth for the x- and z-axes are: [Vp (x) =
2273.5 + 4.1675  d] and [Vp (z) = 2164.9 + 2.2176  d], where d is depth in mbsf. The R2
values for these best-fit lines are 0.84 and 0.62, respectively. The high clay content of all
Hole U0082A samples predisposes them to developing velocity anisotropy. In this case, the
degree of velocity anisotropy is most likely related to the alignment of clay minerals, in
particular illite and kaolinite. Their platy shape means they settle out of the water column
with their long-axes parallel to the seafloor (and hence bedding). This grain-alignment can
be further enhanced by compaction after burial with the preferred orientation
perpendicular to the compaction direction (e.g., Voltoni et al., 2009). The development of a
bed-parallel fabric within mudstone at this site is further discussed from a rock magnetic
perspective below (see “9.5.5 Magnetic Fabrics”).
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Figure 9.5-F1b. Downcore physical properties measurements. Downcore measurements of
magnetic susceptibility, natural gamma radiation, and color parameters L*a*b*. The
downhole linear trend in discrete sample bulk density between 20 and 80 mbsf is indicated
by a red line. Grain density values typical of common aluminosilicate minerals and calcite
are shaded green. The linear trends in Vp (z-axis), Vp (x-axis) and porosity between 20 and
80 mbsf are indicated with red and blue lines respectively.
9.5.2.4 Moisture and Density (MAD) Measurements
All samples were indurated enough to be saturated with seawater under vacuum.
Wet mass, dry mass, and dry volume were measured, and from these measurements,
percentage water weight, porosity, dry density, bulk density, and grain density were
calculated (see methods section “2.5 Physical Properties”). These data are included in
Appendix Table 9.5-AT4. The claystone sample has a bulk density of 2.18 g/cm3, grain
density of 2.61 g/cm3, and 27.1% porosity. The 14 mudstone samples have the same
moisture and density properties, with an average bulk density of 2.26 ± 0.04 g/cm3, grain
density of 2.63 ± 0.04 g/cm3, and porosity of 23% ± 1%. No pore-filling cement or coal was
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observed at this site and the values obtained for the MAD measurements are in the range of
common aluminosilicate minerals and calcite.

9.5.3 Downhole Trends in Physical Properties
9.5.3.1 Lithostratigraphic Unit I
Lithostratigraphic Unit I consists of carbonaceous mud with sand and clast-rich
muddy diamict. No discrete samples could be taken and measurements obtained on the
track system for GRA density and magnetic susceptibility ranged from 1.86 to 2.57 g/cm3
and 2.5  10-3 to 1.81  10-2 (SI volume units). The NGR counts for this unit range from 44
to 69 cps. The values of L* in Lithostratigraphic Unit I varied from 18.6 to 41, a* ranged
from -3.0 to 0.8, and b* from -0.9 to 12.9. These values are similar to those observed in
Quaternary sediments at Sites U0100 and U0110.
9.5.3.2 Lithostratigraphic Unit II
The lithologic homogeneity of Lithostratigraphic Unit II, which consists of
unstratified carbonaceous mudstones/claystones, is reflected in the subtle nature of the
changes in physical properties downhole. This is most apparent in the porosity and P-wave
velocity of discrete samples. A small (~3%) decrease in porosity occurs between 20 and
80 mbsf (ϕ = 25.087 - 0.034  depth; R2=0.56). The considerable influence of porosity on Pwave velocity (e.g., Erickson and Jarrard, 1998) is evident in this interval, with a
corresponding 130 and 250 m/s increase in Vp (z-axis) and Vp (x-axis), respectively, over
the same depth range. The different rates of velocity increase are best explained as the
result of differential compaction of clay-rich sediment. The increasing degree of
compaction with depth causes a corresponding increase in the alignment of clay minerals
perpendicular to the (vertical) direction of maximum stress. Clay particles are acoustically
anisotropic and their increased alignment enhances the seismic anisotropy (Wang, 2002).
Additional evidence for the increased alignment of clay particles with depth from magnetic
susceptibility measurements is discussed below (see “9.55 Magnetic fabrics”).
Grain density shows no apparent trend with depth. The average value of 2.63 g/cm3
is similar to the grain density of typical aluminosilicate minerals, including quartz, feldspar,
and common clays. This suggests that the low-density carbon (coal) content at this site is
relatively minor, consistent with the total organic carbon content of <5% (see section “9.6
Geochemistry”). Similarly, there is little evidence for the high concentrations of highdensity siderite detected at Site U0080 (see “5.5 Physical Properties”). Consequently the
small (0.05 g/cm3) downhole increase in bulk density reflects the loss of porosity rather
than a change in the mineral composition.
There is no apparent downhole trend in GRA density, NGR counts, or magnetic
susceptibility within Lithostratigraphic Unit II; however, there is a notable increase of these
values within each core. This is attributed to the effects of drilling rather than lithologic
change and is discussed in more detail below (see section “9.5.6 Drilling Disturbance and
WRMSL Measurements”).
The CIELAB scale color variations, in particular a* and b*, show no systematic
change with depth or major trends associated with a specific lithofacies. The values of L* in
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Lithostratigraphic Unit II vary from 24.40 ± 6.56, a* from -0.24 ± 0.96, and b* from 1.31
±3.24. These values present wider ranges downhole and more variability per core than the
values obtained for the closest Site U0083 (L*=29.13±7.19, a*=2.48±0.68, and b*=5.75±1.60). As noted above, this variability may reflect sources of noise in making the
measurements rather than true changes in color reflectance.

9.5.4 Two-way Travel Time (TWT) from P-wave Velocity
P-wave velocities measured at discrete depth intervals were used to calculate the
vertical travel time in the hole between sample depths (Fig. 9.5-F2). As there is a marked
velocity anisotropy in the samples from Lithostratigraphic Unit II at this site our time vs.
depth calculation is based on the Vp (z-axis) measurements only. These travel times
between depth intervals were compiled to a cumulative two-way travel time (TWT) vs.
depth profile for comparison with the pre-drilling assumption of a uniform 2700 m/s
velocity. As for previous sites dominated by mudstone lithologies, the Vp (z-axis) is slower
than the original 2700 m/s prediction, although the measured velocities were not
corrected to reflect in situ pressure and temperature conditions.

Figure 9.5-F2. Cumulative whole core TWT vs. depth. The red line shows the cumulative
velocity profile constructed from discrete velocity measurements (Vp for the z-axis)
excluding cemented samples, compared with the pre-drilling velocity estimate of 2700 m/s
shown in black.
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9.5.5 Magnetic Fabrics
The anisotropy of magnetic susceptibility (AMS) quantifies the orientation and
degree of alignment (intensity) of mineral preferred orientation as second rank tensor,
which can be visualized as an ellipsoid (see reviews by Borradaile, 1988; Tarling and
Hrouda, 1993; Borradaile and Jackson, 2004). In deformed rocks, the orientations of the
principal susceptibility axes (kmax  kint  kmin) are commonly coaxial with the axes of the
strain ellipsoid and the AMS of sediment is related to syn- and post-depositional processes,
especially currents and compaction. For sediments deposited in quiet water, the longer
grain axes tend to be randomly distributed in the horizontal plane thereby producing a
sedimentary foliation. In such sediments, AMS defines a planar fabric with the maximum
(kmax) and intermediate (kint) axes of the ellipsoid nearly equal in magnitude and
subhorizontal, and the minimum axis (kmin) subvertical. Increasing compaction with burial
will increase the mineral preferred orientation and thus increase the degree of anisotropy,
here defined as P = kmax/kmin. AMS was measured using an AGICO KLY-4S Kappa Bridge
with the AMSSpin software developed by Gee et al. (2008).
At Site U0082 the orientation of the principal axes is typical for compacted
sedimentary rocks with kmin near vertical, perpendicular to bedding, and kint and kmax
scattered along a great circle in the bedding plane (Fig. 9.5-F3a). The shape of the ellipsoids
is strongly oblate (Fig. 9.5-F3b), with the ratio kmax/kint close to one, and kint/kmin >1.08,
indicating a mineral fabric caused by compaction. The oblateness of the ellipsoid,
expressed as the degree of anisotropy P, appears to increase downhole from ~1.09 to
~1.10 (Fig. 9.5-F3c) suggesting an increasing mineral preferred orientation, or compaction,
with depth. The total number of observations are sparse and so this observation is only
qualitatively in agreement with other physical properties data.

9.5.6 Drilling Disturbance and WRMSL Measurements
Within each core a statistically significant increase in GRA density (t-student = 7.28;
p-value = 1.30  10-10; 99% confidence interval) and NGR counts (t-student = 6.91; p-value
= 4.83  10-10; 99% confidence interval), and a qualitative increase in magnetic
susceptibility occurs from top to bottom (Fig. 9.5-F4). The datasets for the top and bottom
comparison were created by taking the five uppermost and lowermost “clean” points of
Cores U0082A-2R to 10R for magnetic susceptibility and density, and the three upper and
lowermost values for the NGR. The mean density values from the WRMSL are 2.27±0.08
g/cm3 for the top of the cores, and 2.41±0.09 g/cm3 for the bottom of the cores. In the case
of the magnetic susceptibility, these values are 2.7×10-4±1.7×10-4 SI for the top and
2.8×10-4±3.8×10-5 for the bottom. The mean values of NGR are 65.7±7.3 cps for the top, and
81.4±6.3 cps for the bottom. This trend is interpreted as a consequence of the drilling
process and not as a reflection of systematic changes in sediment physical properties
within each core.
All three instruments (GRA, NGR, and MS) assume that a fixed volume of material is
being measured. The highly brecciated nature of the mudstone (see section “9.3
Lithostratigraphy”) leads to the interpretation that broken pieces along with drilling slurry
accumulate at the bottom of the core liner and become compressed and compacted as the
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core vibrates. Therefore, the lower core sections contain slightly more material per unit
volume than those higher up the core barrel, which tend to contain more loosely packed
“biscuits” of core (shown schematically in Figure 9.5-F4). The increased volume of material
thus accounts for the apparent higher GRA density, NGR counts, and magnetic
susceptibility. This drilling artifact has not been observed in other Expedition 344S sites
(or on other IODP cruises as far as we know) probably because physical properties vary
over much greater range than they do at Site U0082. The extreme homogeneity of
Lithostratigraphic Unit II at Site U0082 makes it possible to note such subtle downcore
changes.

Figure 9.5-F3. Anisotropy of magnetic susceptibility (AMS) of selected samples. (a) Lower
hemisphere, equal area stereographic projection of principal susceptibility axes, (b) shape
of susceptibility ellipsoid represented in a Flinn-type diagram (Flinn,1962), and (c)
downhole changes of the degree of anisotropy. The AMS shows a typical sedimentary
compaction fabric with the minimum axes perpendicular to bedding and an increasing
degree of anisotropy, caused by increased mineral preferred orientation, with depth.
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Figure 9.5-F4. Effect of drilling on physical properties obtained from the whole-round
multisensory logger. The dots represent the NGR data for the different cores with their
respective linear trends (color coded). The box plots show the distribution of the 3
uppermost (top) and lowermost (bottom) values for all the cores represented. The series
for top and bottom data show significant differences with a 99% confidence interval (tstudent = 6.91; p-value = 4.83  10-10).
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9.6 Geochemistry
Shipboard organic geochemical studies of cores from Site U0082 included
monitoring of hydrocarbon gases, measuring total carbon, carbonate carbon, total organic
carbon, and total nitrogen contents, and characterizing organic matter by pyrolysis assay.
Procedures are summarized in “Chapter 2. Methods” (see section “2.6 Geochemistry”).

9.6.1 Hydrocarbon Gases
Where possible cores from Hole U0082A were monitored for gaseous hydrocarbons
by the headspace (HS) gas technique; results are reported in Table 9.6-T1 and Figure 9.6F1. A total of 11 samples were analyzed using the GC3 system. Data reported are in parts
per million by volume (ppmv).
Headspace methane concentrations were low at the very top of Hole U0082A with
methane levels below 10 ppmv (Core U0082A-1R to 2R). Methane levels increased sharply
in Core U0082A-3R (13.3 mbsf) to 34,000 ppmv and varied between 12,000 and 45,000
ppmv in Cores U0082A-4R to 10R (Fig. 9.6-F1). The only exception is Core U0082A-7R
(53.95 mbsf) with 2,625 ppmv of methane. Ethane was present in Cores U0082A-3R to 10R
but values were always below 10 ppmv. Propane was not detected in Hole U0082A.
Methane/Ethane (C1/C2) ratios were always greater than 1,770, indicating that 99.94% or
more of the hydrocarbons in headspace gas consist of methane.
Table 9.6-T1. Headspace gas concentrations from Hole U0082A.
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9.6.2 Carbon and Nitrogen Analyses
Inorganic carbon (IC), total carbon (TC), total organic carbon by difference
(TOCCHNS), and total nitrogen (TN) were analyzed in 26 sediment samples from Hole
U0082A over depths ranging from 0.29 to 81.08 mbsf (Table 9.6-T2, Figs. 9.6-F2 and F3).
At Hole U0082A, carbonate content is low and always below 14 wt% CaCO3. Sample
U0082A-7R-1, 110-112 cm (51.5 mbsf) contained only 0.56 wt% of CaCO3. Organic carbon
content is 2.45 wt% in glacial sediments (Core U0082A-1R). The organic carbon content is
higher in the Cretaceous sediments of Hole U0082A with values between 4 and 6 wt%. The
organic carbon content at Site U0082 is comparable to those of Cretaceous sediments at
Sites U0083 and U0100 and slightly higher than those at Site U0070.

Figure 9.6-F1. Hydrocarbon gases in Hole U0082A. Concentrations of methane (in ppmv)
for Hole U0082A. Black bars on the left indicate recovery for each core.
The nitrogen contents vary from about 0.3 to 0.7 wt%, and are generally
proportional to carbon content. The C/N ratios at Site U0082 vary from 8 to 17 and might
suggest a source of marine algae for the organic matter, with possibly some input from
vascular land plants. However the usual scheme for evaluating C/N ratios (Stein et al.,
1979) gives misleading interpretations for Cretaceous black shales, as shown by several
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studies (Meyers et al., 1984; Junium and Arthur, 2007). These studies indicate that selective
loss of nitrogen compared to carbon in black shales leads to artificially high C/N ratios.
Outside black shales, all but the most resistant organic matter is lost. Similarly, Twichell et
al. (2002) postulate that during periods of high primary productivity greater recycling
rates of nitrogen-rich, relative to carbon-rich, organic matter leads to an artificial increase
in C/N ratios. Black shales thus appear to have higher C/N ratios and more input of
terrestrial organic matter to the sediment (lignin and cellulose in terrestrial vascular plants
contain little nitrogen so sedimentary organic matter derived from land plants generally
have high C/N ratios). An artificial increase in black shale C/N ratio is supported by SRA
pyrolysis characterization that indicate that Cretaceous black shales with the highest
carbon content generally contain marine organic matter. Conversely, samples with low C/N
ratios (apparently more marine) typically have hydrogen and oxygen index values that are
more characteristic of Type III (terrestrial) organic matter. Accordingly, the C/N ratio does
not reliably indicate type of organic matter in Cretaceous black shales.
Table 9.6-T2. Carbon and elemental analyses from Site U0082.
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Figure 9.6-F2. Total organic carbon content (wt%, black line) and calcium carbonate
content (wt%, blue line) for a selected number of samples at Hole U0082A. Black bars on
the left indicate recovery for each core.

9.6.3 Organic Matter Pyrolysis
A total of 10 samples from the Cretaceous part of Hole U0082A were characterized
by SRA pyrolysis (Table 9.6-T3). The TOC content obtained using SRA pyrolysis ranges
from 3.8 to 5.0 wt% and is about 80% of the TOC from the carbon and elemental analyses,
but confirms the relatively small variation in TOC content among the samples from Hole
U0082A selected for analysis. All samples are characterized by low oxygen index (OI)
values, in a narrow range between 45 and 67 mgCO2/gTOC. The same holds for the
hydrogen index (HI) values, which are between 53 and 81 mg HC/g TOC. The plot of HI vs.
OI (Fig. 9.6-F3) shows that Cretaceous samples from Hole U0082A contain organic matter
with pyrolysis response that is consistent with Type II or inert kerogen. Tmax values are
very constant with an average of 438°C, and normally would indicate organic matter with a
level of thermal maturity consistent with the early stages of oil generation. The correlation
of Peters et al. (2005) gives an estimate of vitrinite reflectance of about 0.72%. This
interpretation of thermal maturity for Site U0082 samples conflicts with observations at
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Site U0080, which indicated primary Tmax of 425–430°C and vitrinite reflectance of 0.4–
0.5% for the Aptian(?)-Albian age sediments that are stratigraphically beneath those of Site
U0082. Presumably Site U0080 sediments were more deeply buried and should have more
advanced thermal maturity. It appears that organic matter in the younger (CenomanianTuronian?) sediments from Hole U0082A contain a large fraction of recycled, relatively
inert carbon with higher Tmax due to a previous burial history. This is supported by the S2
values at Hole U0082A that are in the range of 2–3.6 mg/g, indicating relatively low
petroleum potential.

Figure 9.6-F3. Hydrogen index vs. oxygen index for Site U0082. Roman numerals I-III
indicate different types of kerogen.
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Table 9.6-T3. Pyrolysis (SRA) evaluation of organic matter from Site U0082.
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10.1 Site Summary
10.1.1 Highlights
Site U0061 (75.72290°N, 65.96670°W, 595.1 m water depth) was a primary target
that was cored to a total depth of 162.10 mbsf with 100.25 m of recovery (62%). The
success of this site was, however, marred by the pipe getting stuck as ice approached,
ultimately leading to loss of the pipe and hole (see section “10.2 Operations”). Outside of
that unfortunate incident, Site U0061 provided several highlights that include:










Determining that the primary lithology in the Cretaceous section is dark gray to
black carbonaceous claystone with minor to moderate abundances of siltstonedominated lithologies. These are unconformably overlain by a section of Quaternary
biosiliceous mud and minor biosiliceous ooze, and sandy mud with dispersed clasts
and clast-poor muddy diamict.
Estimating the age of the sediments underlying the diamicts as late Cenomanian
from the presence of dinoflagellates, pollen, and spores.
Finding that no apparent Tertiary section underlies the Quaternary glacial
sediments.
Reconstructing the paleoenvironmental setting from sedimentological, paleontological, and geochemical evidence to conclude that Site U0061 was located on the
mid to outer shelf and influenced by storm-generated and/or discharge-generated
hyperpycnal flows.
Characterizing seismic velocity, porosity, and density of the rock units.
Confirming that high concentrations of biogenic methane gas occur in the organicrich units beneath the glacial sediment.
Estimating the source rock potential of the carbonaceous units in Lithostratigraphic
Unit II, which indicate that the organic matter is relatively immature with respect to
hydrocarbon generation.

10.1.2 Background and Objectives
Site U0061 was originally denoted as Site SC-6 by the consortium of companies
planning the project, as part of the Site 4 region in the GEMS Geophysical Report (GEMS
International Group of Companies, 2011, unpublished report), as Site USC061 prior to the
start of BBSCP, and, once coring began, as Site U0061 to comply with site-naming
conventions commonly used on the JOIDES Resolution.
Site U0061 is located on the northwest Greenland continental shelf, in the southcentral portion of the Kap York Basin (Figs. 10.1-F1 and 10.1-F2). The seismic reflection
profiles across the site show a flat-lying sequence of younger sediments, interpreted prior
to the expedition as Quaternary glacial sediments, overlying an south dipping sequence of
pre-Quaternary strata (Fig. 10.1-F3). The site was originally planned to penetrate ~30 m of
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Quaternary sediment and then focus on recovering ~770 m of pre-Quaternary sediments,
which were thought to be Tertiary to Cretaceous age.

Figure 10.1-F1. Structural elements of Melville Bay area (after Whittaker et al., 1997).
The primary objectives for coring were to:




Obtain stratigraphic information about the cored section, with a focus on the
lithologies, ages, and paleoenvironmental settings;
Estimate potential source rock characteristics;
Determine the physical properties of the rock units for evaluating potential
reservoir properties and improving seismic velocity models (depth vs. time curves).

A secondary objective, of interest to the science team and approved by the consortium of
companies who funded the BBSCP, was to study the Quaternary section to learn more
about the glacial history of Greenland.
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Figure 10.1-F2. Site location with bathymetry and seismic lines.

Figure 10.1-F3. Crossing seismic reflection profiles through Site U0061.
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10.1.3 Coring Summary
A single RCB hole was cored to a total depth of 162.1 mbsf at Site U0061 (Table
10.1-T1). In total, 100.25 m of core were recovered from the 12 cores collected from Hole
U0047A. The average core recovery was only 62% (Tables 10.1-T1 and -T2). Additional
coring statistics are provided for the hole, cores, and sections in Tables 10.1-T1 and -T2,
and Appendix Table 10.1-AT1, respectively.
Table 10.1-T1. Hole summary for Site U0061.

Table 10.1-T2. Core summary for Site U0061.

10.1.4 Science Results
10.1.4.1 Lithology
Two lithostratigraphic units are defined at Site U0061 based on vertical changes in
the distribution of lithofacies (Fig. 10.1-F4). Lithostratigraphic Unit I (0–19.99 mbsf)
consists of ~1 m of grayish green biosiliceous mud and minor biosiliceous ooze, underlain
by ~3 m of sandy mud with dispersed clasts and clast-poor muddy diamict. The remainder
of Unit I is inferred from the presence of rounded and abraded gravels, interpreted as
drilling-washed concentrates of large clasts in the diamict. Lithostratigraphic Unit II
(19.99–162.58 mbsf) is dominated by very dark gray to black carbonaceous mudstones,
with minor to moderate abundances of siltstone-dominated lithologies, and very minor
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abundances of sandstone as interbeds. Although not recognized during visual core
description, opal-CT (“diatomite”) is present to abundant locally throughout Unit II. OpalCT abundances generally are higher above Core U0061A-11R than below that level.
Sediments from Lithostratigraphic Unit I are interpreted to record subglacial to iceproximal glacimarine deposition, associated with a grounded ice sheet or an ice shelf, and
post-glacial open-marine to distal glacimarine deposition. Open-marine conditions were
characterized by high primary productivity based on high abundances of diatoms.
Sediments from Lithostratigraphic Unit II are interpreted to record deposition on a lowgradient marine surface dominated by low-energy conditions, but subjected episodically to
high-energy underflows that supplied clastic silts and sands. The surface waters above this
depositional setting were highly productive, at least intermittently. Anoxic conditions were
present in the sediments during deposition of Unit II and may have extended into the
overlying water column. This combination of characteristics suggests deposition in a midshelf to outer shelf setting, below storm wave base but within the influence of stormgenerated and/or discharge-generated hyperpycnal flows.
10.1.4.2 Ages
Lithostratigraphic Unit I (0–19.99 mbsf) is broadly assigned a Quaternary age based
on the presence of age-diagnostic calcareous nannofossils (questionable Emiliania huxleyi),
planktonic foraminifera (Neogloboquadrina pachyderma [s]), and diatoms (modern Arctic
open marine forms in the absence of Proboscia curvirostris and Thalassiosira jouseae). The
normal polarity within this interval is assigned to the Brunhes Chron (C1n; 0–0.781 Ma).
An age of late Cenomanian for Lithostratigraphic Unit II (19.99–162.58 mbsf) is
constrained by the palynomorph assemblage including the four dinoflagellate taxa
Cauveridinium membraniphorum, Chatangiella tripartita, Isabelidinium magnum, and
Trithyrodinium suspectum, the conifer pollen species Rugubivesiculites rugosus, and the
presence of angiosperm flora plus Normapolles type pollen. This is consistent with the
observed normal geomagnetic polarity and assignment to the Cretaceous Long Normal
Polarity interval (Superchron C34n; 83.64-125.93 Ma) (Fig. 10.1-F4).
10.1.4.3 Facies and Paleoenvironmental Setting
Four lithofacies were identified at Site U0061 based on differences in sediment
texture and sediment composition. Lithostratigraphic Unit I includes Facies 1 and 2. Facies
1, a grayish olive biosiliceous mud and minor yellowish brown muddy biosiliceous ooze,
forms the upper 100 cm of Core U0061A-1R. Diatoms are the dominant form of biosilica in
these sediments, with minor abundances of sponge spicules. Diatom assemblages are
characteristic of high-productivity settings. Facies 2, comprised of dark gray sandy mud
with dispersed clasts and black clast-poor muddy diamict, encompasses a continuum in
clast abundance and, where recovered intact, is massive. Decimeter-scale intervals of
gravel also are present within Facies 2; because these gravels generally are pebble- to
cobble-grade and well-rounded (often showing abrasions caused by drilling), they are
interpreted as concentrates from the diamict, washed by drilling, rather than as a separate
facies. Clasts, dominated by gneisses and granites, are primarily granule to pebble in size,
although some cobble-grade clasts are present.
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Facies 1 is interpreted as post-glacial hemipelagic to distal glacimarine mud based
on its characteristics, its stratigraphic position, and the location of Site U0061. The
presence of dispersed coarse terrigenous sand and gravel suggests ice transport, either as
ice-rafted debris (IRD) or from the surface of melting sea ice during seasonal break-out.
The presence of open marine diatoms, calcareous nannofossils and planktonic foraminifera
indicate at least seasonally open marine conditions. The clast-enriched deposits of Facies 2
are interpreted as more proximal glacigenic sediments. The most likely depositional setting
for the sandy mud with dispersed clasts is a proximal glacimarine environment, with IRD
supplied more rapidly than during the deposition of Facies 1.
Lithostratigraphic Unit II includes Facies 3 and 4. Facies 3 is comprised of black
carbonaceous mudstone and is the most frequently occurring facies recovered in Hole
U0061A forming more that 75% of the sediments below 19.99 mbsf. The carbonaceous
mudstone forms beds that range from thin to thick, with overall abundance and average
bed thickness increasing downcore. XRD results, thin section analyses, and grain density
data indicate that partially recrystallized and fully replaced diatoms are locally abundant to
dominant between 19.99 and 96.4 mbsf, although their abundance varies at decimeter
scales. These discrete measurements also indicate that the overall abundance of opal-CT
(“diatomite”) decreases below 96.4 mbsf. The most abundant clastic components in the
carbonaceous mudstones of Facies 3 are quartz and feldspar, with low but variable
amounts of accessory minerals; pyrite and glauconite (including diatoms replaced by
glauconite) are widespread; visible organic matter/organic debris becomes less abundant
downcore; and carbonate cements are widespread, variable in importance and
composition, and generally more abundant below 125.2 mbsf. No evidence of bioturbation
was identified in Facies 3 during core description, although subtle ichnofabrics may have
been obscured by the uniform grain size and dark color of the sediments, and macrofossils
were recovered in the form of Inoceramus fragments.
Facies 4 is the most variable lithofacies at Site U0061 comprised of variants on
siltstone (sandy siltstone, muddy siltstone, siltstone with sand, siltstone with mud) and
minor sandstone. This lithofacies generally forms strata that range from thin laminae to
medium beds, and that are interbedded with subequal to greater thicknesses of
carbonaceous mudstone. In general, the thickness of siltstone strata and the overall
siltstone/carbonaceous mudstone ratio both decrease downcore. Strata of Facies 4
generally have sharp bases, often showing evidence of scouring and/or loading. Normally
graded siltstones of Facies 4 are relatively common; very few of the siltstones exhibit
inverse grading. Sediments of Facies 4 display a wide range of sedimentary structures.
Lamina-scale intervals are dominated by parallel lamination, whereas cm-scale strata
contain a more diverse assemblage of structures: parallel (flat) lamination, ripple crosslamination, scours within amalgamated beds, low angle climbing ripples with stoss-side
preservation, and one case that may be climbing ripples, but is also reminiscent of the
“micro-hummocky lenses” form of hummocky cross-stratification (Dott and Bourgeois,
1982; Walker, 1984, p. 150). Load structures are common on the sharp bases of Facies 4
strata, with flame structures developed locally. Convolute and contorted laminae are also
present within siltstone strata.
Compositionally, the clastic component of Facies 4 is dominated by quartz, with
lesser abundances of feldspar and heavy minerals. Recrystallized and glauconite-replaced
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diatoms are present to common, as is glauconite that cannot be identified as replaced
diatoms. Pyrite is nearly ubiquitous, and carbonate cements are widespread, variable in
composition, and range up to dominant in abundance.
No evidence for bioturbation was identified in Facies 4 during core description.
Inoceramus fragments were also observed in this facies, and recrystallized and glauconitereplaced diatoms are present to common in most of the siltstones.
The carbonaceous mudstones of Facies 3 are interpreted to record deposition in an
open marine environment on a low-gradient surface, at a water depth below storm wave
base based on multiple lines of evidence: their muddy texture, their stratigraphic
abundance and bedding thicknesses, the absence of primary sedimentary structures, the
lack of evidence for large-scale mass movements, their dark color and organic carbon
contents (see section “10.1.4.4 Geochemistry”), the widespread distribution of pyrite, and
their marine macrofossil and microfossil contents. The water column above this mid- to
outer shelf setting was productive to highly productive, at least intermittently. The absence
of bioturbation in Facies 3 indicates that these sediments were inhospitable to benthic
infauna, most likely due to anoxic conditions in the sediments. The substrate itself also may
have been unfavorable to benthic infauna, particularly above 115.6 mbsf, due to the
development of “soup-ground” conditions caused by high sedimentation rates.
The siltstones of Facies 4, based on the variety of sedimentary structures therein,
are most readily interpreted as distal shelf storm deposits. A second option for the
deposition of at least some of the Facies 4 siltstones is as hyperpycnal flood layers, released
during high-discharge events from rivers on the adjacent coast, and is supported by the
dominance of structured terrestrial organic material in the lowermost part of the
Lithostratigraphic Unit II (157.44–162.54 mbsf).
10.1.4.4 Physical Properties
Physical properties were measured on 18 whole-core sections and 46 discrete
samples at Site U0061. The physical properties of Lithostratigraphic Unit I (biosiliceous
mud and clast-poor muddy diamict; 0 to 19.99 mbsf) are marked by a decrease in bulk
density and P-wave velocity at ~1.3 mbsf, with over-consolidated sediment of Last Glacial
Maximum (~18 ka) age or older below the transition and postglacial sediment above. Two
discrete samples taken from this unit and high-quality WRMSL data obtained for Core
U0061A-1R show sediment with high water content (porosity 70%), low bulk density (1.5
g/cm3), and velocity (1470 m/s) between 0 and 1.2 mbsf.
The physical properties of Cretaceous carbonaceous mudstone and laminated
siltstone found in Lithostratigraphic Unit II (19.99–162.1 mbsf) are locally influenced by
the presence of low-density biogenic silica (opal-A) such as fragments and remains of
diatoms and sponge spicules (Fig. 10.4-F4). This biogenic silica is commonly altered to
opal-CT (see “10.3 Lithostratigraphy”) and is the cause of low grain densities (mean 2.51 ±
0.12 g/cm3) between 20 and 120 mbsf. Similar to Expedition 344S Sites U0080, U0082, and
U0070, minor amounts of pore-filling iron, calcium, and magnesium carbonate cements are
dispersed throughout Lithostratigraphic Unit II and cause decimeter- to meter-scale spikes
in magnetic susceptibility, density, and velocity and a corresponding reduction in porosity.
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This cement commonly occurs within coarser-grained sandy siltstone beds and less
frequently in cemented mudstones.
10.1.4.5 Geochemistry
The headspace methane concentrations for Lithostratigraphic Unit I were low (< 20
ppmv). Methane levels increased sharply from 30 to 50 mbsf to values approximately
100,000 ppmv (Fig. 10.4-F4). Below 58.0 mbsf methane levels fluctuate between 25,000
and 190,000 ppmv with the highest values at the bottom of the Hole (154 mbsf). The
relatively pure methane gas in the upper part of Hole U0061A (< 120 mbsf), as indicated by
methane/ethane (C1/C2) ratios greater than 1,000, is most consistent with a
microbiological origin. The methane/ethane (C1/C2) ratios rapidly decreased at 130 mbsf
to values below 100. C1/C2 ratios increased again slightly between 144.4 and 152.5 mbsf to
values around 500. Besides methane and ethane, the higher hydrocarbons were also
detected below 93 mbsf. The headspace samples from these cores contained elevated levels
of propane (max. 430 ppmv), butane (max. 58 ppmv), pentane (max. 15 ppmv), and hexane
(max. 3.6 ppmv). The low C1/C2 ratios and increased concentrations of higher
hydrocarbons at a shallow depth indicate some localized migration of thermogenic
hydrocarbons that have mixed with the microbial methane gas in cores from the deeper
part of Hole U0061A.
In Hole U0061A, carbonate content is low and almost always below 10 wt% CaCO3
(Fig. 10.4-F4). Only below 130 mbsf did a few samples have higher carbonate contents (up
to 84 wt%). Organic carbon content is variable, between 1 and 6 wt%, with slightly higher
values in below 106 mbsf. The samples rich in carbonate content have low organic carbon
content comparable to that of Sites U0082, U0083, and U0100, and slightly higher than that
at Site U0070. The C/N ratios at Site U0061 vary from 2 to 14 and suggest a source of
marine algae for the organic matter.
Results from SRA pyrolysis indicate that samples of Cretaceous sediments from Hole
U0061A are characterized by low oxygen index (OI) values, generally between 5 and 32 mg
CO2/g TOC and hydrogen index (HI) values ranging from 44 to 287 mg HC/g TOC. HI vs. OI
(Fig. 9.6-F5) shows that Cretaceous samples from Hole U0061A contain organic matter
with pyrolysis response that is consistent with marine Type II kerogen. The Tmax and
production index (PI) values indicate that the organic matter is relatively immature with
respect to hydrocarbon generation. Production index values (excluding the upper glacial
samples) average about 0.04 indicating a low degree of conversion of kerogen to
hydrocarbons. Tmax values range from 416 to 432°C, with more organic-rich samples
clustering around 422°C, somewhat lower than observed at other Expedition 344S sites.
Empirical Tmax vs. depth correlations for continuously subsiding sediments suggest
maximum depth of burial of less than 1 km for thermal gradients in the range of 3040°C/km.
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10.2 Operations
10.2.1 Transit to Site U0061
On 5 September 2012, coring operations concluded at Site U0083 due to
encroaching ice. The vessel was then moved toward Site U0070 and positioned
approximately ~6 nmi southwest of Hole U0070A and Site U0061 (Fig. 10.2-F1). The vessel
remained at this location for most of the day on 6 September to monitor ice movement.
After an attempt to move to Hole U0070A failed at around midnight due to ice conditions,
the vessel transited to Site U0061.

Figure 10.2-F1. Location map of sites cored during the Baffin Bay Scientific Coring Program.

10.2.2 Site U0061 Operations
Operations at Site U0061 began at 0311 hrs on 7 September 2012. Operations for
the first two hours on site included deploying the positioning beacon, position the vessel
over the site coordinates, and tripping pipe down to near the seafloor. This was followed by
a seabed survey of the biota; however, upon completion of the survey, encroaching ice
forced suspension of activities before the hole could be spudded. The site was temporarily
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abandoned and the ship moved closer to Site U0070 to monitor ice conditions there in an
attempt to reenter and deepen Hole U0070A (see section “6.2 Operations”). These and
other Site U0061 operations are listed in chronological order in Table 10.2-T1 and
illustrated in Figure 10.2-F1.
The vessel returned to Site U0061 at 2032 hrs on 11 September 2012. Preparation
for coring operations commenced while waiting on ice (WOI) for approximately six hours,
before finally positioning the vessel over the site coordinates at 0400 hrs on 12 September
2012. Hole U0061A was spudded with the rotary core barrel (RCB) system at 0605 hrs on
12 September. Only a small amount of Quaternary glacial sediment was recovered in the
first two cores (0–19.3 mbsf). At this point a free-fall funnel was deployed as a precaution,
as ice was not threatening operations at this time.

Figure 10.2-F2. Planned and actual operations at Site U0061.
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Coring proceeded rather uneventfully down to ~77 mbsf, when high methane
values were recorded in Core U0061A-7R (58.0–67.6 mbsf). The vibration-isolated
television (VIT) was deployed to look for outflow from the hole. None was observed, so
coring continued to ~96 mbsf when an encroaching iceberg forced cessation of coring
operations. The drill bit was raised to 18.5 mbsf and while WOI, Core U0061A-11R (96.4–
99.0 mbsf) was recovered. After the iceberg passed approximately 1 nmi to starboard of
the vessel, coring operations resumed. While running back into the hole, it became
apparent that a Quaternary boulder had fallen into the hole and was being pushed ahead of
the drill bit. The hole was washed and reamed to total depth (TD) at 99.0 mbsf.
Coring resumed and proceeded again uneventfully to 149.0 mbsf (Core U0061A18R), when another iceberg began to encroach on the drill site. We took the opportunity to
pull out of the hole for a bit change. Hole U0061A was reentered at 1018 hrs on 14
September 2012 and the hole washed and reamed to TD. Coring resumed, but while cutting
Core U0061A-20R (152.5–162.1 mbsf), two icebergs began encroaching on the drill site.
While pulling out of the hole the pipe became stuck at 146.5 mbsf. The drillers were able to
work the pipe up to 74.5 mbsf, but could not pull it past that point, so the wireline was
lowered to retrieve Core U0061A-20R. By this time one iceberg had avoided our location,
but the second was approaching rapidly and the captain indicated that the vessel had to
move. The pipe was released at the vessel and the ship offset in dynamic positioning (DP)
mode to avoid the iceberg. Inspection showed the travelling block and top drive were okay,
replacement hardware to make-up a new bottom-hole assembly (BHA) was moved to the
rig floor. The vessel left Site U0061A at 0054 hrs on 15 September 2012, underway for Site
U0047A.
Following operations at Site U0047A, the vessel returned to Site U0061A at 0836
hrs on 17 September 2012 to conduct a seafloor survey of the drill pipe. This operation was
completed in about four hours and operations concluded at Site U0061 at 1425 hrs on 17
September.
Table 10.2-T1. Site U0061 operations.
Date

Time (hrs)

Hours

Location

Activity

6-Sep-12

0415-0445

0.50

Standby Location

End sea voyage at 0418 hrs. Lower
thrusters/hydrophones. Switch to DP mode at
0443 hrs. On location ~6 nmi southwest of Hole
U0070A and Site U0061.

6-Sep-12

0445-2000

15.25

Standby Location

Standing by monitoring ice movement.

6-Sep-12

2000-2400

4.00

Standby Location

Move vessel in DP mode toward Hole U0070A.

7-Sep-12

0000-0315

3.25

DP Move

7-Sep-12

0315-0430

1.25

Site U0061

7-Sep-12

0430-0445

0.25

Site U0061

Deploy VIT.

7-Sep-12

0445-0515

0.50

Site U0061

Continue to lower drill string to 596 mbrf and
space out drill string.

10.2-3

Move vessel in DP mode toward Site U0061.
Position vessel over the site coordinates. On
location at 0311 hrs.
Make-up RCB BHA and lower drill string to 424
mbrf.
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Date

Time (hrs)

Hours

Location

7-Sep-12

0515-0630

1.25

Site U0061

Conduct seabed biota survey on Site U0061
location.

7-Sep-12

0630-0700

0.50

Site U0061

Determine not enough time available to spud Hole
U0061A. POOH to 481 mbrf.

7-Sep-12

0700-0715

0.25

Site U0061

Recover VIT.

7-Sep-12

0715-0945

2.50

DP Move

Begin to move away from encroaching ice. Resume
WOI.

11-Sep-12

1715-2030

3.25

Transit

Switch from DP to cruise mode. Begin sea passage
at 1718 hr. Underway for Site U0061. End sea
passage at 2032 hrs.

11-Sep-12

2030-2045

0.25

Hole U0061A

Lower thrusters/hydrophones. Switch to DP mode
at 2050 hrs.

11-Sep-12

2045-2200

1.25

Hole U0061A

Make-up RCB BHA and lower drill string to 285
mbrf. Deploy and recover Fugro SeaBird while
handling tubulars.

11-Sep-12

2200-2400

2.00

Hole U0061A

WOI.

12-Sep-12

0000-0400

4.00

Standby

12-Sep-12

0400-0500

1.00

Hole U0061A

Lower drill string to 568.0 mbrf, pick-up top drive,
and deploy RCB core barrel.

12-Sep-12

0500-0515

0.25

Hole U0061A

Deploy VIT.

12-Sep-12

0515-0615

1.00

Hole U0061A

Space out drill string. Tag seafloor at 606.5 mbrf.
Record Fugro position coordinates.

12-Sep-12

0615-0645

0.50

Hole U0061A

Recover VIT.

12-Sep-12

0645-0900

2.25

Hole U0061A

Spud Hole U0061A at 00605 hrs. Continuous RCB
coring. Cut and recover Cores 1R and 2R to 19.3
mbsf (620.8 mbrf).

12-Sep-12

0900-1015

1.25

Hole U0061A

Rig-up and deploy FFF.

12-Sep-12

1015-1200

1.75

Hole U0061A

Resume RCB coring. Cut and recover Core 3R to
29.0 mbsf (635.5 mbrf).

12-Sep-12

1200-2400

12.00

Hole U0061A

RCB coring. Cut and recover Cores 3R through 7R
to 67.6 mbsf (674.1 mbrf). Currently cutting Core
8R at a depth of 75.5 mbsf (682.0 mbrf).

13-Sep-12

0000-0130

1.50

Hole U0061A

Continue RCB coring. Cut and recover Core 8R to
77.2 mbsf (683.7 mbrf). High methane value
observed in Core 7R.

13-Sep-12

0130-0215

0.75

Hole U0061A

Deployed VIT to check for outflow from hole. None
observed. Recover VIT.

13-Sep-12

0215-0730

5.25

Hole U0061A

Resume RCB coring. Cut and recover Cores 9R and
10R to 96.4 mbsf (702.9 mbrf). Begin cutting Core
11R.

13-Sep-12

0730-0800

0.50

Hole U0061A

Iceberg approaching. Cease coring operations and
POOH to 18.5 mbsf (625.0 mbrf).

10.2-4

Activity

WOI. Move in DP mode from standby location to
Site U0061 position coordinates.
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Date

Time (hrs)

Hours

Location

Activity

13-Sep-12

0800-1030

2.50

Hole U0061A

Stand by WOI for iceberg to pass location. Recover
Core 11R while WOI. Core on deck at 0830 hr from
99.0 mbsf (705.5 mbrf).

13-Sep-12

1030-1045

0.25

Hole U0061A

Iceberg passing 1 nmi to starboard. CPA beginning
to open up. RIH to 19.5 mbsf (626.0 mbrf). Taking
weight. Pushing apparent boulder downhole ahead
of bit.

13-Sep-12

1045-1215

1.50

Hole U0061A

Drill/wash to TD at 99.0 mbsf (705.5 mbrf).

Hole U0061A

Resume RCB coring. Cut and recover Cores 12R
through 16R to 134.9 mbsf (741.4 mbrf). Currently
cutting Core 17R at a depth of 141.5 mbsf (748.0
mbrf).

13-Sep-12

1215-2400

11.75

14-Sep-12

0000-0300

3.00

Hole U0061A

Continue RCB coring. Cut and recover Cores 17R
and 18R to 149.0 mbsf (755.5 mbrf). Iceberg
encroaching on location. Decision made to POOH
for bit change.

14-Sep-12

0300-0430

1.50

Hole U0061A

POOH with top drive to 568 mbrf. Clear seafloor at
0410 hrs. Had 30K overpull at 133.5 mbsf (740.0
mbrf).

14-Sep-12

0430-0445

0.25

Hole U0061A

Recover core barrel.

14-Sep-12

0445-0645

2.00

Hole U0061A

Set back top drive and POOH to BHA. Rack back
BHA. Layout and service MBR. Bit clear of rotary
table at 0630 hrs. Breakout bit.

14-Sep-12

0645-0845

2.00

Hole U0061A

Make-up BHA with new C-4 core bit, space out
core barrels, and RIH to 509.0 mbrf.

14-Sep-12

0845-0900

0.25

Hole U0061A

Deploy VIT.

14-Sep-12

0900-0945

0.75

Hole U0061A

RIH to 595.0 mbrf. Pick-up top drive and space out
for reentry.

14-Sep-12

0945-1030

0.75

Hole U0061A

Maneuver ship and reenter Hole U0061A at 1018
hrs.

14-Sep-12

1030-1045

0.25

Hole U0061A

Recover VIT.

14-Sep-12

1045-1345

3.00

Hole U0061A

Wash/ream to TD.

14-Sep-12

1345-1415

0.50

Hole U0061A

Recover wash barrel and deploy core barrel.

14-Sep-12

1415-1700

2.75

Hole U0061A

Resume RCB coring. Cut RCB Cores 19R and 20R to
162.1 mbsf (768.6 mbrf). Two icebergs
encroaching on location. Defer recovering core
20R.

14-Sep-12

1700-1930

2.50

Hole U0061A

POOH with top drive to 146.5 mbsf (753.0 mbrf).
Pipe stuck. Work pipe to 74.5 mbsf (681.0 mbrf).
Could not pull pipe past that point.

Hole U0061A

RIH with wireline and recover core barrel (20R).
One iceberg avoiding location, the other closing
fast. Captain indicated vessel had to move. No time
to RIH to release bit. Back-off pipe at vessel.

14-Sep-12

1930-2000

0.50
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Date

Time (hrs)

Hours

Location

14-Sep-12

2000-2100

1.00

Hole U0061A

Offset ship in DP mode to avoid encroaching
iceberg. Rack and inspect top drive and travelling
block. All OK.

14-Sep-12

2100-2400

3.00

Hole U0061A

Move replacement hardware to rig floor and
preparing to pick-up all new BHA.

15-Sep-12

0000-0100

1.00

Hole U0061A

Recover positioning beacon and raise
thrusters/hydrophones.

17-Sep-12

0730-0830

1.00

Transit

Transit to Site U0061 at 0724 hrs. End sea voyage
at 0836 hrs.

17-Sep-12

0830-0915

0.75

Hole U0061A

Lower thrusters. Switch to DP mode at 0909 hrs.

17-Sep-12

0915-1015

1.00

Hole U0061A

Make-up logging bit/BHA and lower drill string to
481.0 mbrf for survey of sea bed drill pipe
wreckage.

17-Sep-12

1015-1030

0.25

Hole U0061A

Deploy VIT.

17-Sep-12

1030-1045

0.25

Hole U0061A

Lower drill string to 571.0 mbrf and space out drill
string.

17-Sep-12

1045-1300

2.25

Hole U0061A

Complete sea bed VIT camera survey.

17-Sep-12

1300-1330

0.50

Hole U0061A

POOH with drill string to 510.0 mbrf.

17-Sep-12

1330-1345

0.25

Hole U0061A

Recover VIT.

17-Sep-12

1345-1430

0.75

Hole U0061A

POOH with drill string. Bit clear of rotary table at
1425 hrs.
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10.3 Lithostratigraphy
10.3.1 Overview
One hole was drilled with the rotary core barrel (RCB) at Site U0061. Hole U0061A
was cored to a total depth of 162.1 mbsf, with 100.25 m of sediment and sedimentary rock
recovered in 20 cores (Fig. 10.3-F1), for an average recovery of 62%. Sediments recovered
in the Interval U0061A-1R-1, 0 cm through -3R-1, 69 cm (0–19.99 mbsf) are biosiliceous
mud and minor biosiliceous ooze, underlain by sandy mud with dispersed clasts and clastpoor muddy diamict. Intervals of gravel were also recovered and are interpreted as
drilling-washed concentrates of large clasts in the diamict. From U0061A-3R-1, 69 cm to
the base of Hole U0061A (19.99–162.58 mbsf), the sediments are dominated by very dark
gray to black carbonaceous mudstones, with minor to moderate abundances of siltstonerich lithologies (sandy siltstone, muddy siltstone, siltstone with sand, siltstone with mud)
and sandstone as interbeds. Although opal-CT (“diatomite”) was not recognized during
visual core description and smear slide analyses, subsequent X-ray diffraction (XRD)
results, thin section analyses, and grain density data (see section “10.5 Physical
Properties”) indicate that partially recrystallized and fully replaced diatoms are locally
abundant to dominant in Cores U0061A-3R through -10R, although their abundance varies
at decimeter scales (Tables 10.3-T1 and -T2). Because the abundance of opal-CT could not
be defined during visual core description, and because our present understanding of the
distribution of opal-CT at Site U0061 is based on irregularly spaced discrete samples, any
attempt to represent the abundance of opal-CT in the graphic lithology column of the visual
core description forms (VCDs) or the hole summary (Fig. 10.3-F2) would require arbitrary
placement of abundance values and boundaries. As a result, the abundance of opal-CT has
not been indicated in the graphic lithology column for this site, but the reader should
remain aware of the possible presence and effects of opal-CT in these sediments, especially
in Cores U0061A-3R through -10R.

10.3.2 Lithostratigraphic Units
Two lithostratigraphic units are defined at Site U0061 based on vertical changes in
the distribution of lithofacies (Fig. 10.3-F2). Lithostratigraphic Unit I (0–19.99 mbsf)
consists of ~1 m of grayish green biosiliceous mud and minor biosiliceous ooze, underlain
by ~3 m of sandy mud with dispersed clasts and clast-poor muddy diamict. The remainder
of Unit I is inferred from the presence of rounded and abraded gravels, interpreted as
drilling-washed concentrates of large clasts in the diamict. Sediments from
Lithostratigraphic Unit I are interpreted to record subglacial to ice-proximal glacimarine
deposition, associated with a grounded icesheet or an ice shelf, and post-glacial openmarine to distal glacimarine deposition. Open-marine conditions were characterized by
high primary productivity based on high abundances of diatoms.
Lithostratigraphic Unit II (19.99–162.58 mbsf) is dominated by very dark gray to
black carbonaceous mudstones, with minor to moderate abundances of siltstonedominated lithologies, and very minor abundances of sandstone as interbeds. Although not
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recognized during visual core description, opal-CT (“diatomite”) is present to abundant
locally throughout Unit II. Opal-CT abundances generally are higher above Core U0061A11R than below that level. Sediments from Lithostratigraphic Unit II are interpreted to
record deposition on a low-gradient marine surface dominated by low-energy conditions,
but subjected episodically to high-energy underflows that supplied clastic silts and sands.
The surface waters above this depositional setting were highly productive, at least
intermittently. Anoxic conditions were present in the sediments during deposition of Unit
II and may have extended into the overlying water column. This combination of
characteristics suggests deposition in a mid-shelf to outer shelf setting, below storm wave
base but within the influence of storm-generated and/or discharge-generated hyperpycnal
flows.
Table 10.3-T1. Thin section results from Hole U0061A.

10.3.3 Facies Descriptions
Four lithofacies were identified at Site U0061 based on differences in sediment
texture and sediment composition.
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Figure 10.3-F1. Lithology and recovery at Site U0061.
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Figure 10.3-F2. Lithostratigraphic summary of Hole U0061A.
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Table 10.3-T2. XRD results from clay

.

10.3.3.1 Facies 1 – Grayish Olive Biosiliceous Mud and Minor Yellowish Brown Muddy
Biosiliceous Ooze
Facies 1 forms the upper 100 cm of Core U0061A-1R (Fig. 10.3-F3). Diatoms are the
dominant form of biosilica in these sediments, with minor abundances of sponge spicules.
Diatom assemblages are characteristic of high-productivity settings. These soft to very soft
muds were disturbed by drilling/coring, but are interpreted to have common to moderate
levels of bioturbation.
10.3.3.2 Facies 2 – Dark Gray Sandy Mud with Dispersed Clasts and Black Clast-Poor Muddy
Diamict
This lithofacies (Fig. 10.3-F4) encompasses a continuum in clast abundance and,
where recovered intact, is massive. Decimeter-scale intervals of gravel also are present
within Facies 2; because these gravels generally are pebble- to cobble-grade and wellrounded (often showing abrasions caused by drilling), they are interpreted as concentrates
from the diamict, washed by drilling, rather than as a separate facies. Clasts, dominated by
gneisses and granites, are primarily granule to pebble in size, although some cobble-grade
clasts are present.
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Figure 10.3-F3. Photograph of biosiliceous
mud of Facies 1. (Interval U0061A-1R-1A,
0-15 cm).

Figure 10.3-F4. Photograph of clast-poor
muddy diamict of Facies 2. (Interval
U0061A-1R-2A, 110-135 cm). Note
massive nature of the diamict.

10.3.3.3 Facies 3 – Black Carbonaceous Mudstone
Carbonaceous mudstone (Fig. 10.3-F5) is the most abundant lithofacies in the
section recovered at Site U0061, forming more than 75% of the sediments below 19.99
mbsf (Fig. 10.3-F2). The carbonaceous mudstone forms beds that range from thin to thick,
with overall abundance and average bed thickness increasing downcore. Above Core
U0061A-15R (~115 mbsf), the carbonaceous mudstone beds range from massive to weakly
color-laminated; in Core U0061A-15R and below, the carbonaceous mudstone beds range
from massive to thinly laminated, with thinly laminated intervals 5–10 cm thick separated
by intervals of massive carbonaceous mudstone 5–20 cm thick. The cause of the thin
laminations in the lower part of Hole U0061A could not be identified visually during core
description; however, these thin laminae became apparent as sediment degassing
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preferentially fractured the rock along the laminae. Other than mm- to cm-scale loading
features at the contacts between Facies 3 mudstones and overlying Facies 4 siltstones and
sandstones, no primary physical structures or evidence for large-scale sediment instability
were observed in the carbonaceous mudstones of Facies 3.

Figure 10.3-F5. Photograph of black
carbonaceous mudstone of Facies 3.
(Interval U0061A-5R-2A, 15-30 cm).

Figure 10.3-F6. Photomicrograph of
common
constituents
of
the
carbonaceous mudstones of Facies 3. (a)
plane-polarized light, (b) cross-polarized
light, (c) reflected light. Green and white
spheres with internal structure are
recrystallized and replaced diatoms;
green sand grains without internal
structure are glauconite; bright orange
specks in reflected light are pyrite.
(Sample U0061A-4R-1W, 126-128 cm).
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Although opal-CT (“diatomite”) was not recognized during visual core description
and smear slide analyses, subsequent XRD results, thin section analyses, and grain density
data (see section “10.5 Physical Properties”) indicate that partially recrystallized and fully
replaced diatoms are locally abundant to dominant in Core U0061A-10R and above,
although their abundance varies at decimeter scales (Fig. 10.3-F6; Tables 10.3-T1 and -T2).
These discrete measurements also indicate that the overall abundance of opal-CT
(“diatomite”) decreases below Core U0061A-10R. The most abundant clastic components
in the carbonaceous mudstones of Facies 3 are quartz and feldspar, with low but variable
amounts of accessory minerals; pyrite and glauconite (including diatoms replaced by
glauconite) are widespread; visible organic matter/organic debris becomes less abundant
downcore; and carbonate cements are widespread, variable in importance and
composition, and generally more abundant below Core U0061A-15R.
No evidence of bioturbation was identified in Facies 3 during core description,
although subtle ichnofabrics may have been obscured by the uniform grain size and dark
color of the sediments. Macrofossils were recovered in the form of Inoceramus fragments
(Fig. 10.3-F7) in Cores U0061A-5R, -6R, -10R, and -14R (approximately 39, 45, 53, 86-95,
and 112-115 mbsf, respectively), and recrystallized and glauconite-replaced diatoms range
from present to abundant.

Figure 10.3-F7. Detailed photograph of Inoceramus fragments in carbonaceous mudstone of
Facies 3. (Interval U0061A-10R-2W, 34-35 cm).
10.3.3.4 Facies 4 – Variants on Siltstone (Sandy Siltstone, Muddy Siltstone, Siltstone with
Sand, Siltstone with Mud) and Minor Sandstone
Facies 4 is the most variable lithofacies at Site U0061 in terms of grain size, mode of
occurrence, and primary and secondary sedimentary structures. Texturally, Facies 4 ranges
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from muddy siltstone to sandy siltstone (Fig. 10.3-F8), with one medium bed of fine
sandstone in Core U0061A-7R (Fig. 10.3-F9). This lithofacies generally forms strata that
range from thin laminae to medium beds, and that are interbedded with subequal to
greater thicknesses of carbonaceous mudstone. In general, the thickness of siltstone strata
and the overall siltstone/carbonaceous mudstone ratio both decrease downcore (Figs.
10.3-F10 and -F11). The primary exception to this distribution pattern is in Sections
U0061A-10R-4 and -5 (92.00–93.22 mbsf), where thin-bedded siltstones are amalgamated
or separated by laminae or very thin beds of carbonaceous mudstone to form an interval
that is siltstone-dominated (Fig. 10.3-F12). Strata of Facies 4 generally have sharp bases,
often showing evidence of scouring and/or loading (Fig. 10.3-F13). Normally graded
siltstones of Facies 4 are relatively common; very few of the siltstones exhibit inverse
grading.

Figure 10.3-F8. Photomicrograph of texture and constituents of a siltstone of Facies 4.
Arrows identify diatoms replaced with glauconite (Dg) and siderite (Ds) as well as a
preserved fish tooth (F). Remainder of the field of view is dominated by angular to
subrounded quartz. (Sample U0061A-5R-4W, 66-68 cm, plane-polarized light).
Sediments of Facies 4 display a wide range of sedimentary structures. Lamina-scale
intervals are dominated by parallel lamination (Fig. 10.3-F11), whereas cm-scale strata
contain a more diverse assemblage of structures (Figs. 10.3-F14 and -F15): parallel (flat)
lamination, ripple cross-lamination, scours within amalgamated beds, low angle climbing
ripples with stoss-side preservation, and one case that may be climbing ripples, but is also
reminiscent of the “micro-hummocky lenses” form of hummocky cross-stratification (Dott
and Bourgeois, 1982; Walker, 1984, p. 150). Load structures are common on the sharp
bases of Facies 4 strata, with flame structures developed locally (Fig. 10.3-F15). Convolute
and contorted laminae are also present within siltstone strata (Figs. 10.3-F14 and -F15).
Compositionally, the clastic component of Facies 4 is dominated by quartz (Fig.
10.3-F9), with lesser abundances of feldspar and heavy minerals. Recrystallized and
glauconite-replaced diatoms are present to common, as is glauconite that cannot be
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identified as replaced diatoms (Fig. 10.3-F8). Pyrite is nearly ubiquitous, and carbonate
cements are widespread, variable in composition, and range up to dominant in abundance.
No evidence for bioturbation was identified in Facies 4 during core description.
Inoceramus fragments were observed at the base of a siltstone in Core U0061A-5R, and
recrystallized and glauconite-replaced diatoms are present to common in most of the
siltstones.

Figure 10.3-F9. Photomicrograph of texture and constituents of the fine sandstone in Facies
4. (a) plane-polarized light, (b) cross-polarized light. (Sample U0061A-7R-2W, 136-138
cm).

10.3.4 Facies Interpretations
Facies 1 is interpreted as post-glacial hemipelagic to distal glacimarine mud based
on its characteristics, its stratigraphic position, and the location of Site U0061. The
presence of dispersed coarse terrigenous sand and gravel suggests ice transport, either as
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ice-rafted debris (IRD), by detached anchor ice, or from the surface of melting sea ice
during seasonal break-out. The abundance of diatoms records high productivity in the
surface waters at the same time, probably as a result of water-column mixing due to winds
or sea-ice edge effects.
The clast-enriched deposits of Facies 2 are interpreted as more proximal glacigenic
sediments. The most likely depositional setting for the sandy mud with dispersed clasts is a
proximal glacimarine environment, with IRD supplied more rapidly than during the
deposition of Facies 1. Depositional options for the clast-poor muddy diamict include basal
till formed beneath grounded ice (i.e., “lodgement till”) and “rain-out till” formed beneath
an ice shelf. The data presently available for sediments of Facies 2 at Site U0061 do not
provide definitive evidence for either of these options.

Figure 10.3-F10. Photograph of thinbedded siltstones of Facies 4. (Interval
U0061A-7R-2A, 95-115 cm).

Figure 10.3-F11. Photograph of very thinbedded siltstones of Facies 4. (Interval
U0061A-17R-1A, 64-70 cm).
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The carbonaceous mudstones of Facies 3 are interpreted to record deposition in an
open marine environment on a low-gradient surface, at a water depth below storm wave
base based on multiple lines of evidence: their muddy texture, their stratigraphic
abundance and bedding thicknesses, the absence of primary sedimentary structures, the
lack of evidence for large-scale mass movements, their dark color and organic carbon
contents (total organic carbon [TOC] of 1–6 wt%; see section “10.6 Geochemistry”), the
widespread distribution of pyrite, and their marine macrofossil and microfossil contents.
The water column above this mid- to outer shelf setting was productive to highly
productive, at least intermittently, in order to explain the abundance of diatomaceous
material. However, the absence of observable rhythmites in Facies 3 suggests that the
detrital and biogenic sediment inputs did not have a strong seasonal variation, since
compositional rhythmites are characteristic of sediments deposited beneath upwelling
systems with strong seasonality (e.g., Guaymas Basin, Gulf of California; Soutar et al., 1981).
This conclusion is particularly robust for the interval where diatomaceous material is
abundant (i.e., Cores U0061A-4R through -10R). The absence of bioturbation in Facies 3
indicates that these sediments were inhospitable to benthic infauna, most likely due to
anoxic conditions in the sediments. The substrate itself also may have been unfavorable to
benthic infauna, particularly above Core U0061A-15R, due to the development of “soupground” conditions caused by high sedimentation rates (Ekdale, 1985). The thinly
laminated intervals in Cores U0061A-15R and below, however, may indicate that a more
normal “soft-ground” substrate existed during deposition of those sediments. Whether
anoxic conditions were present in the overlying water column during any of the deposition
of Facies 3, however, cannot be evaluated with the data presently available.
The silty sediments of Facies 4 provide abundant physical evidence for
environmental conditions at the time they were deposited. The prevalence of sharp-based
siltstone strata, often with evidence of scouring and/or loading, indicates that the siltstones
were deposited rapidly, from relatively strong currents, on an unconsolidated muddy
substrate. The presence of convolute siltstone strata and flame structures supports this
interpretation of rapid deposition from relatively strong flows. The variety of primary
sedimentary structures, from parallel lamination to ripple cross-lamination to climbing
ripples, implies variability in the characteristics of these flows; these include differences in
flow velocity (upper flow regime vs. lower flow regime), the time-dependent behavior of
the flow as it crossed Site U0061 (decelerating vs. steady), and the relative importance of
bedload vs. suspended load.
Given the mid- to outer shelf depositional setting indicated by the carbonaceous
mudstones of Facies 3, the siltstones of Facies 4 are most readily interpreted as distal shelf
storm deposits (see Walker [1984] and Johnson and Baldwin [1986] for summaries of shelf
storm processes and deposits). Today, distal shelf storm deposits are characterized as
generally thin-bedded, with sharp to gradational bases, and ranging from parallellaminated to ripple cross-laminated. In ancient sequences, distal shelf storm deposits are
characterized as generally thin-bedded, graded, and parallel-laminated to ripple crosslaminated to climbing ripple cross-laminated (Johnson and Baldwin, 1986). Both of these
descriptions are consistent with characteristics of most of the siltstones at Site U0061,
supporting the interpretation that most occurrences, if not all, of Facies 4 are distal shelf
storm deposits.
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Figure 10.3-F13. Photograph of loading
on the bases of siltstones of Facies 4.
(Interval U0061A-10R-5A, 34-42 cm).

Figure 10.3-F12. Photograph of interval
dominated by siltstones of Facies 4.
(Interval U0061A-10R-5A, 20-110 cm.)

Figure 10.3-F14. Photograph of Facies 4
siltstones. The photo shows ripple-scale
cross-lamination, low-angle subparallel
lamination, and convolute bedding.
(Interval U0061A-10R-5A, 46-52 cm).
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A second option for the deposition of at least some of the Facies 4 siltstones is as
hyperpycnal flood layers, released during high-discharge events from rivers on the
adjacent coast. This process and its resulting deposits have been examined for the modern
Eel River shelf off northern California, and have been interpreted for adjacent on-land
exposures of the Pleistocene Rio Dell Formation (Leithold, 1989). In that setting, sediments
deposited as flood layers are very thin-bedded muddy silts with few primary sedimentary
structures, whereas sediments deposited as storm layers are thinly bedded, clay-deficient,
sharp-based, and internally parallel-laminated to ripple cross-laminated. As a result, the
findings of Leithold (1989) support interpreting the thin- to medium-bedded, relatively
clay-free, internally stratified siltstones of Facies 4 as distal shelf storm deposits. The
findings of Leithold (1989), however, also suggest that the cases of thinner and more
muddy siltstones in Facies 4 may have formed as flood-discharge deposits.

Figure 10.3-F15. Photograph of Facies 4 siltstones. The photo shows parallel laminations,
possible climbing ripples or “micro-hummocky lenses” (26.5–28.5 cm), and convolute
bedding with flame structures. (Interval U0061A-10R-5A, 22-30 cm).

10.3.5 Unit Descriptions and Interpretations
Based on visual core descriptions and smear slide analyses, the sediments at Site
U0061 are divided into two lithostratigraphic units.
10.3.5.1 Unit I
Interval: U0061A-1R-1, 0 cm, through -3R-1, 69 cm
Depth: 0–19.99 mbsf
Age: Quaternary

10.3-14

Chapter 10. Site U0061
10.3 Lithostratigraphy

Proceedings of the Baffin Bay
Scientific Coring Program

Unit I is composed of the soft grayish green siliceous muds of Facies 1, underlain by
the sandy mud with dispersed clasts and diamicts of Facies 2. Clasts within the diamicts are
dominated by gneisses and granites/granitoids, with lesser amounts of other lithologies.
The stratigraphic position of Unit I and the characteristics of Facies 1 and 2 support
interpretation of these sediments as glacigenic and ice-proximal glacimarine (Facies 2) and
postglacial distal glacimarine to hemipelagic (Facies 1) deposits. The vertical succession of
these lithologies in Core U0061A-1R is consistent with a glacial retreat sequence, grading
upward from an “ice contact” or “rain-out” diamict, through proximal glacimarine deposits
and distal glacimarine deposits, to the most open-water deposits of siliceous muds and
ooze.
10.3.5.2 Unit II
Interval: U0061A-3R-1, 69 cm, through -20R-CC, 14 cm
Depth: 19.99–162.58 mbsf
Age: late Cenomanian
Unit II is dominated by the carbonaceous mudstones (± “diatomite”) of Facies 3,
interbedded with low to moderate abundances of the siltstones (± “diatomite”) of Facies 4.
The compositional and textural characteristics of Facies 3, combined with the texture,
bedding styles and abundance, and sedimentary structures of Facies 4, indicate that Unit II
was deposited in a mid- to outer shelf environment, with sediment supplied by terrestrial
input and, at least intermittently, by high surface water productivity. Terrestrial input
varied between a background supply of muds and an episodic supply of silts and minor
sands by short-duration higher energy bottom flows. Bedding styles and sedimentary
structures in the siltstones of Facies 4 support the interpretation that most of these higher
energy flows were generated by storm conditions nearer to the coast. Some of the thinner
and more clay-rich occurrences of Facies 4, however, may have been deposited by
hyperpycnal flows generated by flood discharge from rivers on the adjacent coast.
Preservation of organic matter was enhanced by anoxic conditions within the sediments,
but oxygenation conditions within the overlying water column cannot be interpreted at
this time.

10.3.6 X-Ray Diffraction Results
A qualitative and ratio-based summary of XRD results is given in Table 10.3-T3. The
bulk XRD measurements of samples from Lithostratigraphic Unit I show a quartz-rich
composition, with common plagioclase and amphibole and K-feldspar present. The clay
mineral assemblage in Unit I is dominated by illite, with lesser amounts of chlorite and
kaolinite. The suite of minerals identified, as well as the composition of large clasts
recovered from Unit I, is consistent with that expected for sediment generated by glacial
erosion of the amphibolite-grade gneisses that dominate the coastal bedrock in Melville
Bay (Henriksen et al., 2009). The presence of chlorite in high-latitude Quaternary deposits
is commonly related to erosion and transport by glaciers and the lack of chemical
weathering (Biscaye, 1965). Thus, its presence in samples from Unit I is not surprising. In
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contrast, the kaolinites in Unit I are most likely recycled from older sedimentary rocks, as
has been recognized previously by other studies of high-latitude Quaternary sediments
(Naidu et al., 1971; Ehrmann et al., 1992).
Table 10.3-T3. XRD results from bulk samples from Site U0061.

Detrital components in samples from Lithostratigraphic Unit II are dominated by quartz,
with only small amounts of other minerals (feldspars and clay minerals) present. The clay
mineral assemblage in Unit II contains only illite and kaolinite; no chlorite or smectite has
been identified on these diffractograms. The clay mineral assemblage is dominated by illite
above Section U0061A-18R-4 (~149 mbsf), but the abundance of kaolinite increases
markedly in the bottom ~13 m of Unit II. The cause of this compositional change is not
clear, but may have been caused by either a change in weathering regime on the adjacent
continent or a change in sediment source area as a result of changes in sediment dispersal
patterns.
In addition to their detrital components, samples from Unit II also contain varying
amounts of several diagenetic phases: opal-CT, pyrite, siderite, dolomite/ankerite, and
calcite. The distribution of opal-CT, especially in Cores U0061A-15R and above, is also
indicated by thin section and sediment grain density data (see section “10.5 Physical
Properties”). The XRD results, however, such as those for Sample U0061A-13R-1, 144-145
cm vs. Sample U0061A-13R-2, 15-17 cm, help confirm the very heterogeneous distribution
of opal-CT at Site U0061. The widespread distribution of pyrite in Unit II is demonstrated
by the bulk XRD results, and supports the interpretation that Unit II was deposited under
normal marine conditions. In fact, pyrite is more widespread than indicated by the bulk
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XRD results, since pyrite also was observed in thin sections taken from the same intervals
as the bulk XRD samples in Cores U0061A-5R, -7R, and -10R (Table 10.3-T1). However,
because opal-CT and carbonate-bearing minerals are strong diffractors, the pyrite peak is
difficult to identify on diffractograms from these sediments, which contain abundant opalCT and/or carbonates. Therefore, based on a combination of the XRD and thin section data,
siderite is shown to co-occur with pyrite in samples that contain relatively high
abundances of opal-CT. This suggests that intervals originally enriched in diatoms also
contained enough organic matter to drive early diagenesis beyond sulfate reduction. The
distributions of dolomite/ankerite and calcite are very localized, as noted by the locations
of well-cemented or nodular zones during visual core description. The two intervals in
Cores U0061A-18R and -20R that are cemented with dolomite/ankerite can also be
recognized in the physical properties data by their very high velocities (see section “10.5
Physical Properties”).
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10.4 Chronostratigraphy
10.4.1 Introduction
The chronostratigraphy at Site U0061 is constrained in the upper lithostratigraphic
unit by calcareous nannofossils, foraminifera, and diatoms and in the lower unit by
dinoflagellates, pollen, and spores. In addition, the natural remanent magnetization (NRM)
measured before and after magnetic cleaning was used to determine the
magnetostratigraphic polarity. The upper 19.99 m are Quaternary in age based on the
presence of age-diagnostic calcareous nannofossils (questionable Emiliania huxleyi),
planktonic foraminifera (Neogloboquadrina pachyderma), and diatoms (modern Arctic
open marine forms in the absence of Proboscia curvirostris and Thalassiosira jouseae). The
normal polarity within this interval is assigned to the Brunhes Chron (C1n; 0-0.781 Ma).
Below the unconformity at 19.99 mbsf, the palynomorph assemblage indicates a late
Cenomanian age for the sediments based on the presence of four dinoflagellate taxa
(Cauveridinium membraniphorum, Chatangiella tripartita, Isabelidinium magnum, and
Trithyrodinium suspectum), the conifer pollen species Rugubivesiculites rugosus, and the
presence of angiosperm flora plus Normapolles type pollen. This is consistent with the
observed normal geomagnetic polarity and assignment to the Cretaceous Long Normal
Polarity interval (Superchron C34n; 83.64-125.93 Ma).

10.4.2 Biostratigraphy
Samples from Site U0061 were examined for calcareous nannofossils, foraminifera,
diatoms, dinoflagellate cysts, pollen, and spores. Samples were collected from core catchers
of each core, with a few additional samples taken from split-core sections. The primary
results for all fossil groups are summarized in Figure 10.4-F1. The ~20 m of glacial
sediments contain planktonic and benthic foraminifera, diatoms, and very rare calcareous
nannofossils that may be in situ. Below the unconformity at 19.99 mbsf, the sediments are
completely barren of calcareous nannofossils and foraminifera. Poorly preserved
Cretaceous diatoms and other siliceous microfossils occur in varying abundances to ~95
mbsf. These sediments also contain a moderately diverse dinoflagellate cyst assemblage,
together with abundant pollen and spores, which indicate a late Cenomanian age for
Lithostratigraphic Unit II.
10.4.2.1 Calcareous Nannofossils
A total of 19 samples were analyzed for calcareous nannofossils at Site U0061
(Appendix Table 10.4-AT1). Sample U0061A-1R-1, 30-32 cm (0.30 mbsf) contains a single
nannofossil specimen questionably identified as Emiliania huxleyi, although because it is
poorly preserved it could also be a reworked reticulofenestrid. If it is E. huxleyi, the age of
the uppermost sediment is <290 ka based on the first appearance datum (FAD) of this
taxon (Gradstein et al., 2012). All other samples examined are barren of calcareous
nannofossils.
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Figure 10.4-F1. Chronostratigraphic summary for Site U0061.
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10.4.2.2 Foraminifera
Eleven samples were analyzed for foraminifera from Site U0061 (Appendix Table
10.4-AT1). Foraminifera were recovered from two samples from Lithostratigraphic Unit I
(U0061A-1R-1, 30-32 cm [0.30 mbsf] and -1R-CC, 2-7 cm [3.76 mbsf]), whereas the
remaining samples are barren. Sample U0061-1R-1, 30-32 (0.30 mbsf) produced the
planktonic foraminifera Neogloboquadrina pachyderma (compact-sinistral [s]) and
miscellaneous agglutinated benthic foraminifera. The presence of N. pachyderma (s)
suggests an age of <1.0 Ma (Kucera and Kennett, 2011). Miscellaneous agglutinated benthic
foraminifera were also recovered from Sample U0061A-1R-CC, 2-7 cm (3.76 mbsf).
10.4.2.3 Diatoms
A well preserved assemblage of modern, Arctic, open marine diatoms occurs in
Sample U0061A-1R-1, 30-32 cm (0.30 mbsf) and very poorly preserved, presumed
Cretaceous diatoms occur in Samples U0061A-4R-CC, 11-14 cm (31.54 mbsf) and -7R-CC,
8-10 cm through -10R-CC, 6-11 cm (64.27–94.93 mbsf). Diatom occurrences in Hole
U0061A are tabulated in Appendix Table 10.4-AT1. The assemblage in Sample U0061A-1R1, 30-32 cm (0.30 mbsf) comprises typical modern, Arctic, open marine diatom species
Actinocyclus curvatulus, Coscinodiscus spp., Nitzschia cf. grunowii, Thalassionema
nitzschioides, Thalassiosira gravida, and Thalassiothrix longissima. A late Pleistocene age,
less than 0.305 Ma, is assigned to these samples based on the presence of the above listed
taxa and the absence of Proboscia curvirostris (last appearance datum [LAD] 0.295-0.305
Ma) and Thalassiosira jouseae (LAD 0.295-0.305 Ma) (Koç et al., 1999).
Samples U0061A-4R-CC, 11-14 cm (31.54 mbsf) and -7R-CC, 8-10 cm through -10RCC, 6-11 cm (64.27–94.93 mbsf) contain traces of diatoms that are so poorly preserved in
terms of both fragmentation and dissolution that only one tentative identification to genus
level was possible. Specimens assignable to the genus Gladiopsis were observed in one
sample (Sample U0061A-9R-CC, 30-33 cm [78.34 mbsf]). Additional examination of thin
sections prepared for the sedimentology team (see section “10.3 Lithostratigraphy”) from
Sample U0061A-5R-6, 88-90 cm (45.60 mbsf), confirmed the occurrence of Gladiopsis. This
genus is restricted to the Cretaceous (Harwood, 1988). Assuming this assemblage is in
place we may assign an inner neritic environment for these samples based on the review
by Sims et al. (2006) and the findings of Witkowski et al. (2011).
10.4.2.4 Dinoflagellate Cysts
A total of twenty-two samples from Hole U0061A were examined for dinoflagellate
cysts and selected spores, pollen, and algae (Appendix Table 10.4-AT2). The organic matter
in Samples U0061A-3R-1, 126-128 cm through -19R-CC, 0-5 cm (20.56–153.55 mbsf) is
dominated by aquatic amorphous organic material with a fluffy, clotted, spongy, and
granular appearance (Fig. 10.4-F2A), whereas structured, terrestrial material is abundant
in the lower part of the section in Samples U0061A-20R-5, 12-13 cm through -20R-CC, 1014 cm (157.44–162.54 mbsf) (Fig. 10.4-F2B).
In addition to the amorphous organic and terrestrial material, moderately diverse
assemblages of marine dinoflagellate cysts and algae, suggesting a late Cenomanian age,
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were recorded from 21 samples (Samples U0061A-1R-CC, 2-7 cm to -20R-CC, 10-14 cm
[3.76–161.54 mbsf]) (Figs. 10.4-F2 to -F4). The variation in abundance and diversity of
dinoflagellate cysts and algae in these cores is likely biased because of differences in
processing and time spent on the samples. In addition, the amount of amorphous organic
material present tends to obscure observation of specimens making accurate assessment of
assemblage composition problematic.

Figure 10.4-F2. Photomicrographs of organic matter from Site U0061. (A) Sample U0061A19R-CC, 0-5 cm (153.55 mbsf) showing dominance of aquatic amorphous organic material
with a fluffy, clotted, spongy, and granular appearance. (B) Sample U0061A-20R-8, 55 cm
(162.37 mbsf) showing dominance of structured terrestrial material.
Paleoenvironment and Age
The presence of Cauveridinium membraniphorum, Chatangiella tripartita,
Isabelidinium magnum, and Trithyrodinium suspectum (Fig. 10.4-F3), together with the
pollen Rugubivesiculites rugosus indicate a late Cenomanian age or younger. A similar
assemblage was recently recorded from southern East Greenland (Nøhr-Hansen, 2012).
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Cauveridinium membraniphorum has its first common occurrence in the upper Cenomanian
organic-rich Plenus Marl in onshore Great Britain (Dodsworth, 2000; Pearce et al., 2009)
and its last common occurrence in the uppermost Turonian (Pearce et al., 2003). The
presence of I. magnum and the absence of Chatangiella granulosum, Chatangiella verrucosa,
and Heterosphaeridium difficile also support a late Cenomanian age (Costa and Davey,
1992). Williams et al. (2004) suggest a first appearance datum (FAD) for H. difficile within
the lower Turonian, whereas Bell and Selnes (1997) suggest an early to middle
Cenomanian age for the FAD of H. difficile in offshore Norway.

Figure 10.4-F3. Photomicrographs of dinoflagellate cysts from Site U0061. Images A and C
from Sample U0061A-20R-8, 21 cm (162.03 mbsf). Image B from Sample U0061A-20R-5,
12-13 cm, (157.44 mbsf). Images D, F, H, I, J, and K from Sample U0061A-19R-CC, 0-5 cm
(153.55 mbsf). Image E from Sample U0061A-20R-7, 38 cm (160.70 mbsf). Image G from
Sample U0061A-9R-CC, 30-35 cm (78.34 mbsf).
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The moderately high dinoflagellate cyst diversity (Appendix Table 10.4-AT2) and
the minor amount of terrestrially derived material in Samples U0061A-3R-1, 126-128 cm
to -19R-CC, 0-5 cm (20.56–153.55 mbsf) indicate a marine depositional environment,
whereas the dominance of structured terrestrial material in the samples from the
lowermost part of the section (Samples U0061A-20R-5, 12-13 cm to -20R-CC, 10-14 cm
[157.44–162.54 mbsf]) may suggest wash-out from a terrestrial source.

Figure 10.4-F4. Photomicrographs of the spore Hoegisporites cf. uniforma from Site U0061.
Images A, D, and E from Sample U0061A-20R-8, 21 cm (162.03). Image B from Sample
U0061A-17R-CC, 16-20 cm (144.21 mbsf). Image C from Sample U0061A-20R-5, 12-13 cm
(157.44 mbsf).
10.4.2.5 Pollen and Spores
Nineteen samples from Hole U0061A were analyzed for pollen and spores
(Appendix Table 10.4-AT3). The abundance of pollen and spores from Hole U0061A is
mostly low, varying from common to trace numbers. The lowest abundances are found in
Samples U0061A-8R-CC, 19-22 cm (70.68 mbsf) and -13R-CC, 8-11 cm (109.29 mbsf)
(Appendix Table 10.4-AT3). Although the pollen and spore assemblages do not record any
major changes in hinterland vegetation during the interval of Cretaceous sediment
accumulation at Site U0061, it is possible to divide it into three informal intervals based on
smaller changes in environmental conditions.
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Conifer/Spore Transition Interval
Samples from Sections U0061A-3R-1 to -6R-CC (20.56–56.09 mbsf) contain rare
pollen and spores, with fern spores the most dominant group (Fig. 10.4-F5). Unlike many of
the other sites cored during Expedition 344S, Site U0061 contains fewer and less diverse
bisaccate pollen taxa, which could indicate that this site is located further from the
shoreline than other sites, as bisaccate pollen have the highest capacity among pollen for
airborne dispersal. The size of conifer pollen decreases upcore through this interval, with
only a few small grains found in Core U0061A-6R (56.09 mbsf). Piceapollenites is the most
common conifer taxon. Rare Normapolles pollen, mostly Extratriporopollenites and
Triporopollenites, as well as the angiosperm taxa Tricolporopollenites and Foveotricolpites
also occur within this interval.

Figure 10.4-F5. Photomicrographs of pollen and spores from the Fern Spore interval at Site
U0061. Images A, E, and F from Sample U0061A-5R-CC, 13-15 cm (45.81 mbsf). Images B, C,
and D from Sample U0061A-3R-1, 126-128 cm (20.56 mbsf).
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Transitional Interval
Large conifer pollen (e.g., giant Piceapollenites, Abiespollenites, and Podocarpidites
specimens) and other megaspores mark a transition in the palynomorph assemblage in
Sample U0061A-7R-CC, 8-10 cm (64.27 mbsf). Although small grains of conifer pollen are
also found in this interval, their abundance and diversity is much lower than in older
sections of the hole. This assemblage may represent a period of climatic change that
affected forests in the hinterland.
Miospores Interval
The interval spanning Samples U0061A-8R-CC, 19-21 cm to -13R-CC, 8-11 cm
(64.27-109.29 mbsf) is generally characterized by abundant spores (Fig. 10.4-F6), with
some changes through time that might be related to sea-level oscillation or climate change.
The oldest part of this interval (Sample U0061A-13R-CC, 8-11 cm [109.29 mbsf]) contains
equal abundances of medium-sized bisaccate pollen and spores, as well as sparse
angiosperm taxa. This assemblage is replaced by one dominated by spores in Sample
U0061A-11R-CC, 0-6 cm (99.82 mbsf), followed by a near absence of pollen and spores in
Sample U0061A-10R-CC, 6-11 cm (94.93 mbsf). Spores again dominate in the upper part of
this interval (Cores U0061A-8R and -9R [70.68–78.34 mbsf]), with moderate abundances
of miospores (mostly pteridophytes and Lycopodiacidites spp.) and trace numbers of
conifer pollen.
Megaspore Interval
The interval spanning Samples U0061A-15R-CC, 17-22 cm to -20R-CC, 10-14 cm
(124.40-162.54 mbsf) contains common megaspores (Fig. 10.4-F7), with a general increase
in abundance and size observed from the bottom to the top of the interval. The high
abundance of this group, together with the excellent preservation of the grains, suggests
deposition during a time of environmental stability. In addition to these well-preserved
grains, a small percentage of grains show some alteration, such as mineralization or color
change due to possible “charcoalization”.
Samples from the bottom of the interval (U0061A-18R-4, 127-132 cm to -20R-CC,
10-14 cm [149.79-162.54 mbsf]) contain abundant conifer pollen, although no giant (>100
µm) forms. An increase in megaspores occurs in Sample U0061A-17R-CC, 16-20 cm
(144.21 mbsf), which also contains small conifer pollen and abundant fern spores. Large
conifer pollen, including monolete and monosaccate grains, dominate the top of this
interval (Samples U0061A-15R-CC, 17-22 cm to -16R-CC, 17-19 cm [124.40–133.94 mbsf]).
This assemblage also contains large pteridophyte and bryophyte spores, together with the
fern spore taxa Cyathidites, Gleicheniidites, Laevigatosporites, and Osmundacidites. The
diversity in these samples is very high, although the overall abundance is not.
Age and Terrestrial Paleoenvironment
Several biostratigraphically significant pollen taxa occur throughout the interval
below the unconformity at 19.99 mbsf in Hole U0061A. The conifer pollen Rugubivesiculites
first appears in the latest Albian (Doyle and Robbins, 1977). The presence of this taxon,
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together with Normapolles type pollen and angiosperms, suggest an age of Cenomanian or
younger for the Cretaceous sediments, consistent with the age indicated by the
dinoflagellate assemblage. In addition, the presence of the spores Coptospora paradoxa
(Aptian to early Turonian) and Triporoletes singularis (Barremian to Turonian) is also
consistent with a Cenomanian age.

Figure 10.4-F6. Photomicrographs of pollen and spores from the Miospores interval at Site
U0061. Images A, C, D, E, F, H, and I from Sample U0061A-9R-CC, 30-35 cm (78.34 mbsf).
Image B from Sample U0061A-8R-CC, 19-22 cm (70.68 mbsf). Image G from Sample
U0061A-11R-CC, 0-6 cm (99.82 mbsf). Image J from Sample U0061A-13R-CC, 8-11 cm
(109.29 mbsf).
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The pollen and spore assemblages at this site indicate that the hinterland was
covered by a conifer forest with ferns and horsetails in the understory. This forest was
invaded by angiosperms during the Cenomanian.

Figure 10.4-F7. Photomicrographs of pollen and spores from the Megasproes interval at
Site U0061. Images A and F from Sample U0061A-17R-CC, 16-20 cm (144.21 mbsf). Images
B, D, and E from Sample U0061A-20R-CC, 10-14 cm (162.54 mbsf). Image C from Sampel
U0061A-19R-CC, 0-5 cm (153.55 mbsf). Image G from Sample U0061A-20R-5, 12-13 cm
(157.44 mbsf). Image H from Sample U0061A-15R-CC, 17-22 cm (124.40 mbsf).
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10.4.3 Paleomagnetism
The investigation of magnetic properties from the 18 cores with sufficient amounts
of sediment collected at Site U0061 included the measurement of bulk susceptibility of
whole-core and split-core sections and the natural remanent magnetization (NRM) of
archive-half sections (Appendix Table 10.4-AT4). Alternating field (AF) demagnetization at
10 and 20 mT was conducted on all cores. Stepwise AF demagnetization on 24 discrete
samples was performed at successive peak fields of 0, 5, 10, 15, 20, 25, 30, 35, 40, 50, and
60 mT to verify the reliability of the split-core measurements (Appendix Table 10.4-AT5).
All eight samples from Lithostratigraphic Unit I (0-19.99 mbsf) yielded excellent fits with
principal component analysis (PCA; Kirschvink, 1980), having an average maximum
angular deviation of <1.5°. Of the 16 samples from Lithostratigraphic Unit II (19.99–162.58
mbsf), seven have angles <10° (average 6.0°) and nine with angles between 14° and 35°
were discarded from the analysis. The location of the discrete samples taken from Hole
U0061A is indicated in the inclination and declination panels of Figure 10.4-F8. We cleaned
the split-core data extracted from the LIMS database by removing all measurements from
within 5 cm of the section ends. Although the rotary cores are fractured to varying degrees
by the drilling process, there were no specific intervals that needed to be removed from the
measurements because they might have caused problems with the magnetic
measurements.
8.4.3.1 Natural Remanent Magnetization and Magnetic Susceptibility
The intensity of NRM after 20-mT demagnetization ranges from ~10-5 to ~10-1 A/m,
with a mean of 1.9 x 10-2 A/m before and 4.2 x 10-3 A/m after AF demagnetization (Fig.
10.4-F8). Within Lithostratigraphic Unit I (<19.99 mbsf), the intensity is on the order of
10-2 A/m (mean = 9.0 x 10-2) and below the unconformity, the intensity decreases by one to
two orders of magnitude to ~10-3 to ~10-4 A/m (mean = 2.1 x 10-4).
Despite the overall low magnetic intensities in Lithostratigraphic Unit II, a relatively
stable magnetic component, which allows for the determination of magnetic polarity, was
preserved. A magnetic overprint with steep positive inclinations, which was probably
acquired during drilling, was usually erased by the 20-mT demagnetization step (Fig. 10.4F8); directions of the NRM show surprisingly little scatter in the weakly magnetic
lithologies below ~20 mbsf.
The demagnetization behavior of two discrete samples from Lithostratigraphic Unit
I that yielded excellent PCA results and two typical samples from Lithostratigraphic Unit II
is illustrated in Figure 10.4-F9. Although the demagnetization behavior of the samples from
the Cretaceous lithologies appears fairly erratic, the polarity is unambiguous and statistical
treatment with the ZPLOTIT software (Acton, 2011) extracted a characteristic magnetic
vector with an acceptable error. A soft magnetic overprint was removed with 15–20 mT AF
demagnetization, demonstrating that this magnetic cleaning level is sufficient to eliminate
the overprint.
Magnetic susceptibility measurements were made on whole cores as part of the
Whole-Round Multisensor Logger (WRMSL) analysis and on split-core sections using the
Section-Half Multisensor Logger (SHMSL) (see section "10.5 Physical Properties").
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Magnetic susceptibility is consistent between the two instruments (Fig. 10.4-F8) and in
general parallel to the intensity of magnetic remanence. It varies between -9.0 × 10-6 and
2.0 × 10-2 (SI volume units; Fig. 10.4-F8 first panel; split-core measurements are offset by a
factor of 10) with an average of 4.6 × 10-3 (SI volume units) in the diamict and 1.1 × 10-4 (SI
volume units) in the underlying Cretaceous mudstones and shales, which is comparable to
the values from other Exp. 344S sites, especially Site U0083.

Figure 10.4-F8. Summary of paleomagnetic data and magnetostratigraphy at Site U0061.
Discrete sample locations are indicated in the declination and inclination columns by red
symbols. The polarity stratigraphic interpretation is given, despite a few recovery gaps,
with a single black interval representative of normal polarity. NRM intensity, declinations,
and inclinations prior to demagnetization are plotted with blue symbols and after 20-mT
demagnetization with green symbols. The large scatter in magnetic declinations is caused
by the random horizontal orientation of the core pieces recovered by the rotary coring
system.
10.4.3.2 Magnetostratigraphy
Only magnetic inclinations were used for the magnetostratigraphic interpretation at
this site. The geomagnetic field at the latitude of Site U0061 (75.723°) has an expected
inclination of 82.74°, assuming a geocentric axial dipole field model, which is sufficiently
steep to determine magnetic polarity in RCB cores that lack horizontal orientation.
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Figure 10.4-F9. Demagnetization results for four discrete samples. For each sample, the
plot to the left shows the vector end points of paleomagnetic directions on vector
demagnetization diagrams or modified Zijderveld plots (red squares are inclinations and
blue circles declinations), and the plot to the right shows the intensity variation with
progressive demagnetization. Those data outlined in black were used to compute mean
directions from principal component analysis. The two samples in the top row from
Lithostratigraphic Unit I exhibit excellent demagnetization behavior, whereas the samples
from Lithostratigraphic Unit II in the bottom row are poorly behaved, but typical of the
Cretaceous lithologies.
Despite the low recovery above the unconformity at ~20 mbsf, magnetic
inclinations of discrete samples and split-core data indicate that the Brunhes Chron (C1n;
0–0.781 Ma) is recorded. This interpretation is well constrained by calcareous
nannofossils, diatoms, and foraminifera. The age of the normal polarity interval below the
unconformity to the bottom of the hole is biostratigraphically constrained by
dinoflagellates and age-diagnostic pollen to be late Cenomanian and is assigned to
Superchron C34n (83.64–125.93 Ma). A brief reversed interval occurs at ~149 mbsf. Upon
close inspection, this does not appear to be a geomagnetic excursion, but an artifact of
either the coring process or the mineralogy/composition because the NRM does not exhibit
the typical steep normal overprint that is usually observed, and a strong intensity spike
occurs at the same location.
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10.5 Physical Properties
10.5.1 Overview
Physical properties were measured on 18 whole-core sections and 46 discrete
samples at Site U0061. The physical properties of Lithostratigraphic Unit I (biosiliceous
mud and clast-poor muddy diamict; 0‒19.99 mbsf) are marked by a decrease in bulk
density and P-wave velocity at ~1.3 mbsf, with over-consolidated sediment of Last Glacial
Maximum (LGM) (~18 ka) age or older below the transition and post-glacial sediment
above.
The physical properties of the Cretaceous carbonaceous mudstone and laminated
siltstone found in Lithostratigraphic Unit II (19.99‒162.1 mbsf) are locally influenced by
the presence of low-density biogenic silica (opal-A), such as fragments and remains of
diatoms and sponge spicules. This biogenic silica is commonly altered to opal-CT (see
section “10.3 Lithostratigraphy”) and is the cause of low grain densities between 20 and
120 mbsf (Table 10.5-T1; Figs. 10.5-F1a, -F1b, and -F2). Similar to Sites U0080, U0082, and
U0070, minor amounts of pore-filling iron, calcium, and magnesium carbonate cements are
dispersed throughout Lithostratigraphic Unit II and cause decimeter- to meter-scale spikes
in magnetic susceptibility, density, and velocity and a corresponding reduction in porosity
(Figure 10.5-F3). This cement commonly occurs within coarser-grained sandy siltstone
beds and less frequently in cemented mudstones.

10.5.2 Measurements and Data Analysis
10.5.2.1 Whole-Round Measurements
Measurements with the Whole-Round Multisensor Logger (WRMSL) were obtained
at 2.5 cm intervals for gamma ray attenuation (GRA), wet bulk density, and magnetic
susceptibility (MS) for all cores except Cores U0061A-2R and -12R, which contained
exclusively washed gravel clasts. Natural gamma radiation (NGR) was measured at 10 cm
intervals. P-wave velocity (Vp) was measured on Core U0061A-1R, but not thereafter
because the thinner diameter of most RCB cores relative to the core liner precludes Vp
measurements on the WRMSL.
The GRA density and MS data (Appendix Table 10.5-AT1) were filtered to remove
spurious points caused by voids in the core and section breaks as described in section “2.5
Physical Properties”. No correction for the density was necessary for Core U0061A-1R
because the liner was completely filled with soft sediment; however, we applied the density
correction factor of Jarrard and Kerneklian (2007) for all the other cores to compensate for
the smaller diameter of the RCB cores relative to the core liner.
The mean GRA bulk density value for Lithostratigraphic Unit I is 1.94 ± 0.29 g/cm3
and 2.19 ± 0.12 g/cm3 for Lithostratigraphic Unit II. The natural gamma ray counts per
second for Unit I (58 ± 13 cps) are lower than the values for Unit II (105 ± 40 cps). The
mean value for magnetic susceptibility of Unit I is 5.1 × 10-3 (SI volume units), two orders of
magnitude higher than the mean for Lithostratigraphic Unit II (7.9 × 10-5). These
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observations are consistent with the NGR counts and susceptibility measured in
Quaternary sediments at Sites U0100 and U0110.

Figure 10.5-F1a. Downcore physical properties measurements. Downcore measurements
of bulk density (GRA = data from Whole-round Multisenor Logger), grain density, P-wave
velocity and porosity.
10.5.2.2 Split-Core Color Spectroscopy
Color reflectance was measured at a resolution of 2.5 cm (Fig. 10.5-F1b; Appendix
Table 10.5-AT2). The data do not appear to resolve lithologic variations in the very dark
sediments. In terms of general trends, Lithostratigraphic Unit I (31.4 ± 5.3) is lighter on
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average than Lithostratigraphic Unit II (22.8±6.5). Cores U0061-6R to -8R and -15R to -17R
are darker than the cores above, below, and between them.

Figure 10.5-F1b. Downcore physical properties measurements. Downcore measurements
of magnetic susceptibility, natural gamma radiation, and color parameters L*a*b*. Grain
density values typical of common aluminosilicate minerals and calcite are shaded green.
Opal-A and opal-CT ranges are indicated in the shaded yellow area. Values associated with
increasing Fe, Mg, and Ca carbonate cements are shaded blue. The proposed depth where
opal decreases to background levels is marked with a red line.
10.5.2.3 Discrete Sample P-wave Velocity Measurements
The unconsolidated nature of Lithostratigraphic Unit I combined with drilling
disturbance within this interval precluded the collection of discrete cubes and therefore no
discrete P-wave measurements were made in this interval. Discrete samples from
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Lithostratigraphic Unit II (45 cubes of 8 cm3 volume) were used for velocity and also for
moisture and density (MAD) measurements when possible. None of these velocity
measurements have been corrected to in situ temperature and pressure conditions.

Figure 10.5-F3. Meter-scale physical properties and cemented siltstone layers for 115.60‒
124.45 mbsf. Detailed view of cemented sandy siltstone layers from Core U0061A-15R
highlighting the association between magnetic susceptibility “spikes” and the presence of
Fe, Ca, Mg carbonate cement within coarser-grained beds. Cemented layers are highlighted
in yellow.
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At this site elevated dissolved gas content created abundant micro-fractures within
samples as they degassed (Fig. 10.5-F4). A direct consequence of the micro-fracturing is a
marked decrease in P-wave velocity, especially in the vertical (z) direction, perpendicular
to the orientation of most fractures (Brink and Jarrard, 1998). Consequently, we remeasured P-wave velocities after degassing the samples for 24 hours in a vacuum chamber
filled with seawater. These velocities increased by ~3.5% to 37.4% after seawater
saturation. In detail, all axes showed significant increases between measurements before
and after vacuum brine saturation (x-axis: t = -2.48, P = 0.02, 95% confidence interval; yaxis: t = -2.67, P = 0.01, 95% confidence interval; z-axis: t = -4.78, P = 2.65×10-5, 95%
confidence interval). The mean variations between the two sets of measurements are
10.54% ± 3.48%, 11.56% ± 4.24%, and 22.97% ± 8.56% for x-, y-, and z-axes, respectively.
We conclude that during initial measurement the micro-fractures were filled with gas
bubbles that absorbed P-waves and resulted in significantly reduced velocities. This is
particularly the case in the vertical direction perpendicular to the orientation of most
fractures. Upon degassing and brine saturation the micro-fractures remain but are filled
with seawater. The velocities for these samples are equivalent to those we have measured
in mudstone samples with low gas content. For that reason our discussion in the sections
below utilizes only data obtained following degassing and brine saturation.

Figure 10.5-F4. Thin section micrograph of micro-fractures. The image, from Sample
U0061A-10R-5, 9-11 cm, shows the development of micro-fractures parallel to bedding
caused by the pore-space gas that bubbles out of the core at room temperature and
pressure.
The P-wave velocities also vary between different lithologies (Table 10.5-T1).
Sandstones are represented by only two discrete samples with mean velocities (i.e.,
averaged over all 3 axes) of 2280 m/s and 3920 m/s, reflecting the presence of pore-filling
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cement in the latter. Mudstone samples have an average velocity of 2640 ± 170 m/s.
Siltstones have on average higher velocities (3780 ± 920 m/s), which again depends on the
presence of pore-filling cement.
Table 10.5-T1. Summary of physical properties for Hole U0061A lithologies.

10.5.2.4 Moisture and Density Measurements
Forty-six samples were taken for MAD measurements at the rate of approximately
one per two sections of core (Table 10.5-T1; Appendix Table 10.5-AT4). All samples were
indurated enough to be saturated with seawater under vacuum, except for two samples
from Core U0061A-1R, which were soft enough to sample with the syringe. Wet mass, dry
mass, and dry volume were measured, and from these measurements, percentage water
weight, porosity, dry density, bulk density, and grain density were calculated (see section
“2.5 Physical Properties”).
In contrast to other Expedition 344S sites, in particular Site U0080 (see section “5.5
Physical Properties”), lower grain densities within the top part of Unit II (~20‒120 mbsf)
are not caused by the presence of low-density carbon, as indicated by the low (<5%) total
organic carbon (TOC) content of samples from this site (see “10.6 Geochemistry”). Instead,
thin section and X-ray diffraction (XRD) examination show the presence of biogenic silica
(opal-A) and opal-CT in varying amounts (see section “10.3 Lithostratigraphy). Both silica
phases have grain densities of 2.01‒2.16 g/cm3 (Deer et al., 1992). We have estimated the
concentration of biogenic silica assuming the grain densities at this site represent a two
component system comprising (a) biogenic silica with a density of 2.0 g/cm3, and (b)
aluminosilicate minerals with a density of 2.7 g/cm3. This approach suggests that samples
at 44.44 and 48.80 mbsf contain ~75% and 50% biogenic silica, respectively. Note that this
is likely a minimum estimate, because grain density may also be influenced by the presence
of additional higher density Fe, Ca, and Mg cements that are not accounted for in this
calculation.
The 32 mudstone samples have a mean porosity of 26% ± 4% and a mean grain
density of 2.57 ± 0.11 g/cm3. The two sandstone samples have very different values for
porosity (10% and 34%), but a similar grain density (2.62 and 2.65 g/cm3), indicating that
the pore space of one is filled with silica or calcite, which has a similar density to
aluminosilicate minerals. Nine siltstone samples were processed and these have an average
porosity of 16% ± 7%.
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10.5.3 Downhole Trends in Physical Properties
10.5.3.1 Lithostratigraphic Unit I
Lithostratigraphic Unit I consists of biosiliceous mud and clast-poor muddy diamict.
Two discrete samples were taken from this unit and high-quality WRMSL data were
obtained for Core U0061A-1R. These data show sediment with high water content
(porosity = 70%), low bulk density (1.5 g/cm3), and low velocity (1470 m/s) between 0
and 1.2 mbsf. This interval is interpreted as post-LGM sediment accumulation. Between 1.2
and 1.4 mbsf, bulk density and P-wave velocity increase rapidly to >2 g/cm3 and 1600 m/s,
respectively, and porosity decreases to 30%. These values persist to the base of Core
U0061A-1R and are indicative of compaction caused by ice loading during the LGM.
Isolated density and velocity spikes are caused by the presence of gravel clasts within the
diamict.
10.5.3.2 Lithostratigraphic Unit II
The physical properties suggest that a broad subdivision of Lithostratigraphic Unit
II can be made at ~120 mbsf. Above this depth, sediment is influenced by variable amounts
of biogenic silica (Fig. 10.5-F1a, -F1b and -F2) in the form of opal-A and opal-CT, as
indicated by the occurrence of very low grain densities (mean 2.51 ± 0.12 g/cm3),
particularly in Cores U0061A-5R and -6R. Below ~120 mbsf, grain densities are more
typical of those associated with common aluminosilicate and Mg, Ca carbonate minerals,
indicating only a minor contribution of biogenic silica. Both GRA and discrete sample bulk
density measurements show a small increase between 117 and 120 mbsf, which is
sustained to the base of the hole, with higher peaks caused by carbonate-cemented
intervals. Below 120 mbsf, uncemented mudstone, which is the dominant lithology, has
relatively high and less variable GRA density, discrete bulk density, and discrete grain
density, and slightly lower porosity (3%).
A change in the physical properties is also observed in the magnetic susceptibility,
natural gamma radiation, and color reflectance (a* and b*) measurements at ~120 mbsf
(Fig. 10.5-F1b). The presence of this “step” occurs at a depth similar to where higher
hydrocarbon are detected (see section “10.6 Geochemistry”); however, there is no evidence
for the presence of an impermeable seal or other physical features that might account for
this.
As at Sites U0080, U0083, and U0070, meter-scale variability of physical properties
is evident throughout Hole U0061A, reflecting a combination of lithologic change and the
influence of pore-filling cement. An example is shown from Core U0061A-15R, where
siderite- (Fe carbonate) or ankerite- (Fe, Mg, Ca carbonate) cemented siltstone layers can
be identified by a magnetic susceptibility “spike” two to five times above background levels
(Fig. 10.5-F3). These same layers have relatively low NGR counts because of their lower Kbearing clay content and increased bulk density as pore space is filled by cement. As in Site
U0083, most (qualitatively >80%) magnetic susceptibility spikes are associated with
centimeter-scale silt or sandy siltstone beds, but in places spikes are associated with Febearing cemented mudstone intervals.
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10.5.4 Two-way Travel Time from P-wave Velocity
P-wave velocities measured at discrete depth intervals were used to calculate the
vertical travel time in the hole between sample depths (Fig. 10.5-F5). Our time vs. depth
calculation is based on the Vp (z-axis) measurements only and data from samples from thin
cemented beds have been omitted. For data below 120 mbsf, we have included only data
from “degassed” brine-saturated samples (see section “10.5.2.3 Discrete Sample P-wave
Velocity Measurements”).
The travel times between depth intervals were compiled into a cumulative two-way
travel time (TWT) vs. depth profile for comparison with the pre-drilling assumption of a
uniform 2700 m/s velocity. As at other sites dominated by mudstone lithologies, the Vp (zaxis) is slower than the original 2700 m/s prediction. P-wave velocities were not corrected
to reflect downhole pressure and temperature conditions.

Figure 10.5-F5. Cumulative whole-core TWT vs. depth. The red line shows the cumulative
velocity profile constructed from discrete velocity measurements (z-axis only), excluding
cemented samples, compared with the pre-drilling velocity estimate of 2700 m/s shown in
black.
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10.6 Geochemistry
Shipboard organic geochemical studies of cores from Site U0061 included
monitoring of hydrocarbon gases, measuring total carbon, carbonate carbon, total organic
carbon, and total nitrogen contents, and characterizing organic matter by pyrolysis assay.
Procedures are summarized in “Chapter 2. Methods” (see section “2.6 Geochemistry”).

10.6.1 Hydrocarbon Gases
Where possible cores from Hole U0061A were monitored for gaseous hydrocarbons
by the headspace (HS) gas technique; results are reported in Tables 10.6-T1 and 10.6-T2
and Figure 10.6-F1. A total of 30 HS samples were analyzed using both the GC3 and NGA
system. Data reported are in parts per million by volume (ppmv). Due to poor recovery, no
samples could be taken from Cores U0061A-2R and 12R.
Table 10.6-T1. Headspace gas concentrations from Site U0061 measured by the GC3.
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Figure 10.6-F1. Hydrocarbon gases in Hole U0061A. Concentrations of headspace gas
concentrations (in ppmv) and methane/ethane (C1/C2) ratios for Hole U0061A. Black bars
on the left indicate recovery for each core. For methane and C1/C2 ratios both GC3 and NGA
measurements are shown.
Headspace methane concentrations were low (< 20 ppmv) in the glacial sediments
at the very top of Hole U0061A (Cores U0061A-1R to 3R). Methane levels increased sharply
in Cores U0061A-4R to 6R (30–50 mbsf) to values around 100,000 ppmv. Below Core
U0061A-6R methane levels fluctuate between 25,000 and 190,000 ppmv with the highest
values at the bottom of the hole in Core U0061A-20R (154 mbsf). Because of the high
methane levels below 50 mbsf and the modified HS sampling protocol, where possible two
HS samples were taken for Cores U0061A-6R to 20R. In addition, starting with Core
U0061A-11R, samples were analyzed on both the GC3 (Table 10.6-T1) and NGA system
(Table 10.6-T2) to detect the presence of higher hydrocarbons. Methane and Ethane
concentrations and measured using the NGA system are about 50% lower than to those
obtained with the GC3 system (Figs. 10.6-F1 and -F2). The larger offset between the two
methods for methane causes the methane/ethane (C1/C2) ratios obtained from the NGA
system to be lower relative to those calculated from the GC3 measurements. This offset
could partly be the result of the NGA system not being calibrated to the very high methane
levels encountered at Hole U0061A.
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Table 10.6-T2. Headspace gas concentrations from Site U0061 measured by the NGA.

Figure 10.6-F2. GC3 vs. NGA gas concentrations. Comparison between methane (a) and
ethane (b) concentrations and C1/C2 ratios (c) at Hole U0061 obtained from the GC3 and
the NGA system.
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The relatively pure methane gas in the upper part of Hole U0061A (< 120 mbsf), as
indicated by methane/ethane (C1/C2) ratios greater than 1,000 in Cores U0061A-4R to 15R,
is most consistent with a microbiological origin. The methane/ethane (C1/C2) ratios rapidly
decreased in Core U0061A-16R (130 mbsf) to values below 100. C1/C2 ratios remained low
in Core U0061A-17R, but increased again slightly in Cores U0061A-18R to 20R to values
around 500. Besides methane and ethane, the higher hydrocarbons were also detected at
Hole U0061A below 93 mbsf (Cores U0061A-11R to 20R). The HS samples from these cores
contained elevated levels of propane (maximum of 430 ppmv), butane (maximum of 58
ppmv), pentane (maximum of 15 ppmv), and hexane (maximum of 3.6 ppmv). The low
C1/C2 ratios and increased concentrations of higher hydrocarbons at a shallow depth
indicate some localized migration of thermogenic hydrocarbons that have mixed with the
microbial methane gas in cores from the deeper part of Hole U0061A (Cores U0061A-11R
to 20R).

10.6.2 Carbon and Nitrogen Analyses
Inorganic carbon (IC), total carbon (TC), total organic carbon by difference
(TOCCHNS), and total nitrogen (TN) were analyzed in 61 sediment samples from Hole
U0061A (Table 10.6-T3, Figs. 10.6-F3). At Hole U0061A, carbonate content is low and
almost always below 10 wt% CaCO3 (Fig. 10.6-F3). Only below 130 mbsf did a few samples
have higher carbonate contents (up to 84 wt% in Core U0061A-20R). These samples with
high carbonate content came from short intervals of lighter colored material in between
thick units of carbonate poor black shales and are not representative for large sections of
the core (Fig. 10.6-F4).
Organic carbon content is variable between 1 and 6 wt%, with slightly higher values
in Cores U0061A-13R to 20R (> 106 mbsf). The samples rich in carbonate content have low
organic carbon content. The organic carbon content at Site U0061 is comparable to those of
Sites U0082, U0083, and U0100 and slightly higher than that at Site U0070.
The nitrogen content varies from 0.17 to 0.47 wt%, and is generally proportional to
the carbon content. The C/N ratios at Site U0061 vary from 2 to 14 and suggest a source of
marine algae for the organic matter.

10.6.3 Organic Matter Pyrolysis
A total of 21 samples from Hole U0061A were characterized by SRA pyrolysis (Table
10.6-T4). The organic carbon content estimate obtained using SRA pyrolysis is in relatively
good agreement with the results of the carbon and elemental analyses. The TOC from SRA
is about 80-85% of the TOC by difference from the elemental and carbonate analyses.
Samples of Cretaceous sediments from Hole U0061A are characterized by low oxygen index
(OI) values, generally between 5 and 32 mg CO2/g TOC. The two Cretaceous samples with
OI of 138 and 41 mg CO2/g TOC are high carbonate samples and probably reflect some
mineral carbon contribution to the S3 peak used to calculate OI. The hydrogen index (HI)
values of the Cretaceous samples range from 44 to 287 mg HC/g TOC. The plot of HI vs. OI
(Fig. 9.6-F5) shows that Cretaceous samples from Hole U0061A contain organic matter
with pyrolysis response that is consistent with marine Type II kerogen.
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Table 10.6-T3. Carbon and elemental analyses from Site U0061.
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Figure 10.6-F3. Total Organic carbon and CaCO3. Total organic carbon content (wt%, black
line) and calcium carbonate content (wt%, blue line) for a selected number of samples at
Hole U0061A. Black bars on the left indicate recovery for each core.
The Tmax and production index (PI) values indicate that the organic matter is
relatively immature with respect to hydrocarbon generation. PI values (excluding the
upper glacial samples) average about 0.04 indicating a low degree of conversion of kerogen
to hydrocarbons. Tmax values range from 416 to 432°C, with more organic-rich samples
clustering around 422°C, somewhat lower than observed at other Expedition 344S sites.
The correlation of Peters et al. (2005) gives an estimate of vitrinite reflectance of about
0.44%. Empirical Tmax vs. depth correlations for continuously subsiding sediments suggest
maximum depth of burial of less than 1 km for thermal gradients in the range of 30–
40°C/km. The seismic profiles indicate that burial for Site U0061A sediments was about 0.5
km deeper than sediments cored at Site U0070.

Figure 10.6-F4. Section U0061A-20R-7. Section U0061A-20R-7 highlighting the localized
presence of high carbonate content in the lower part of Hole U0061A.
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Table 10.6-T4. Pyrolysis (SRA) evaluation of organic matter from Site U0061.

Figure 10.6-F5. Hydrogen index vs. oxygen index from Site U0061. Roman numerals I-III
indicate different types of kerogen. Samples from Hole U0061A are characterized by low
oxygen indexes and moderate hydrogen indexes.
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11.1 Site Summary
11.1.1 Highlights
Site U0047 (75.765855°N, 65.43518°W, 585.0 m water depth) was a primary target
that was cored to a total depth of 100.20 mbsf with 25.59 m of recovery (26%). One of the
goals of this site was to penetrate a reflector at about 65 m depth to determine the nature
of the contact. This was accomplished and the reflector was determined to be an
unconformity, with Cretaceous sediment above and dolomitic sandstones/siltstones and
dolomite below, which are much older than the anticipated lower Cretaceous rocks. This
was by far the major highlight for Site U0047 and was one that will radically change the
geologic models for the basin. This and other highlights for the site are:









Determining that the primary lithology of the middle Cretaceous is carbonaceous
claystone/mudstone, unconformably overlain by 9.28 meters of a clast rich muddy
diamict Quaternary cover.
Determining that the Cretaceous stratigraphy is of late Aptian to early Albian age.
Identifying a significant hiatus between the upper Aptian-lower Albian carbonaceous
strata and underlying Paleozoic–Proterozoic carbonates, and noting that the lithologies
of this old unit are similar to the Neoproterozoic Narssarssuk Group outcropping in
northwestern Greenland.
Determining that the late Aptian to early Albian paleoenvironmental setting was
marginal marine and was associated with a transgression and changing terrestrial
vegetation based on sedimentological, paleontological, and geochemical evidence.
Characterizing seismic velocity, density, and porosity of the rock units.
Noting that an absence in methane gas in the Cretaceous rock at this site unlike the
other BBSCP sites, which is hypothesized to be due to influx of sulfate via underlying
carbonates that outcrop on the seafloor.
Determining that the Cretaceous rocks are rich in organic matter and derived from a
marine source, similar to Sites U0080 and U0110. Furthermore, pyrolysis of organic
matter indicated that the sediments previously have undergone sufficient burial to
initiate the early stages of hydrocarbon generation.

11.1.2 Background and Objectives
Site U0047 was originally denoted as Site USC047 prior to the start of BBSCP, and,
once coring began, as Site U0047 to comply with site-naming conventions commonly used
on the R/V JOIDES Resolution. The site is located on the northwest Greenland continental
shelf, in the south-central portion of the Kap York Basin (Figs. 11.1-F1 and 11.1-F2). The
seismic reflection profiles across the site show a flat-lying sequence of younger sediments,
interpreted prior to the expedition as Quaternary glacial sediments, overlying southerly
dipping sequence of pre-Quaternary strata (Fig. 11.1-F3).
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Figure 11.1-F1. Structural elements of Melville Bay area (after Whittaker et al., 1997).

Figure 11.1-F2. Site location with bathymetry and seismic lines.
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The site was originally planned to penetrate ~40 m of Quaternary sediment and
then focus on recovering ~260 m of pre-Quaternary sediments, which were thought to be
Tertiary sediments overlying Cretaceous sediments. The primary objectives for coring
were to:




Obtain stratigraphic information about the cored section, with a focus on the
lithologies, ages, and paleoenvironmental settings;
Estimate potential source rock characteristics;
Determine the physical properties of the rock units for evaluating potential
reservoir properties and improving seismic velocity models (depth vs. time curves).

Figure 11.1-F3. Crossing seismic reflection profiles through Site U0047.
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11.1.3 Coring Summary
A single RCB hole was cored to a total depth of 100.2 mbsf at Site U0047 (Table
10.1-T1). In total, 100.25 m of core (12 cores) were drilled at Hole U0047A, The Quaternary
section was 42.4 m thick, Cretaceous rocks were recovered between 42.4 and 62.65 mbsf,
followed by Paleozoic/Proterozoic rocks to the bottom of the hole at 100.2 mbsf. The
average core recovery was only 26% (Tables 10.1-T1 and -T2). The average rate of
penetration was 6 m/hr, mainly owing to the difficulty in spudding the hole (see “Chapter
3. Operations”). Additional coring statistics are provided for the hole, cores, and sections in
Tables 10.1-T1 and -T2, and Appendix Table 11.1-AT1, respectively.
Table 11.1-T1. Hole summary for Site U0047.

Table 11.1-T2. Core summary for Site U0047.

11.1.4 Science Results
11.1.4.1 Lithology
Three lithostratigraphic units are defined at Site U0047. Lithostratigraphic Unit I
(0–42.4 mbsf) is defined by either the presence of clast-poor, muddy diamict or washed
gravels (Fig. 11.1-F4). Lithostratigraphic Unit II (42.4–62.65 mbsf) encompasses the
interval dominated by carbonaceous siliciclastic rocks, including mudstones, siltstones, and
sandstones. Lithostratigraphic Unit III (62.65–100.2 mbsf) is marked by sandstones of
various colors, including dark red, gray, olive green, and pale brown, which are
interbedded with carbonate rocks.
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11.1.4.2 Ages
The age constraints for Site U0047 are determined by the presence of foraminifera,
diatoms, dinoflagellate cysts, pollen, and spores in the upper 62.65 mbsf. In addition, the
natural remanent magnetization (NRM) measured before and after magnetic cleaning was
used to determine the magnetostratigraphic polarity.
Lithostratigraphic Unit I (0‒42.4 mbsf) is Quaternary in age based on the presence
of benthic foraminifera characteristic of northern high latitudes, together with an
assemblage of modern, Arctic, open marine diatoms in the uppermost part of the unit
indicating an age of <0.305 Ma. The normal polarity within this interval is assigned to the
Brunhes Chron (C1n; 0‒0.781 Ma).
Lithostratigraphic Unit II (42.4‒62.65 mbsf) is late Aptian to early Albian in age
based on the palynomorph assemblage, which includes the dinoflagellate taxa Nyktericysta
davisii and Quantouendinium dictyophorum, as well as several species of Cicatricosisporites
(spore) and the pollen Foraminisporis asymmetricus. This is consistent with the observed
normal geomagnetic polarity and assignment to the Cretaceous Long Normal Polarity
interval (Superchron C34n; 83.64‒125.93 Ma).
The age of Lithostratigraphic Unit III (62.65‒95.47 mbsf) is unconstrained
biostratigraphically. Thus the speculative age is based on mostly shallow magnetic
inclinations indicating low paleolatitude at the time of deposition, and the presence of
carbonate rocks with oolites likely deposited in a warm shallow water environment (see
section “11.3 Lithostratigraphy”). These results are interpreted to represent an age of
Paleozoic or older for Lithostratigraphic Unit III, as Greenland was located near the equator
at various times during the Proterozoic and Paleozoic (Scotese and McKerrow, 1990).
11.1.4.3 Facies and Paleoenvironmental Setting
Seven facies were identified at Site U0047 based on sedimentary composition, grain
size differences, color, and cementation. Sedimentary structures, including very fine
horizontal laminations, mud drapes, graded or convolute beds, and ripple crossstratification, are characteristic of some facies and relate directly to the hydraulic
conditions in the depositional environment.
Facies 1 (0.0–9.5 mbsf) is a clast-poor, muddy diamict facies consists of mixture of
clay-, silt- and sand-sized matrix with rare granule- to pebble-sized clasts of igneous,
metamorphic and reworked sedimentary origin. Facies 1 contains mm-scale laminations in
some intervals, layering is rare in general, and diatoms are common. Facies 2, comprised of
washed gravel, occurs from 9.5–42.4 mbsf.
Facies 3, black to very dark gray carbonaceous mudstone, has variable silt content,
grading from a low silt variety to a more silt-rich end member, and contains very thin
siltstone to sandstone laminae. Wisps are present in the carbonaceous mudstone facies but
not distinguished as a separate lithology when <1 cm in thickness (see Fig. 11.3-F5). Beds
of Facies 3 are typically dm- to m-scale.
Facies 4 is carbonaceous siltstone that exhibits distinct layering in some intervals,
but is most often massive due to complete bioturbation of the original laminae. Thin
laminae of quartz sand are found within the siltstone facies, usually above a sandstone bed .
Root traces are common and are either coalified or pyritized.
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Facies 5 is a gray to black carbonaceous sandstone with massive bedding, reflecting
either original deposition with little structure or extensive post-depositional bioturbation.
Facies 6 is sandstone of varying colors from dark red, olive green, gray, to pale
brown. Sedimentary structures include planar, lenticular and flaser bedding, rip up clasts,
and no evidence of bioturbation. The red, green and gray sandstones, in particular, have a
faded appearance, indicating pedogenic modification and cementation. Several sandstone
beds have rip up clasts.
Facies 7 is a carbonate facies that appears in several forms and colors with the most
prevalent form being gray to pink to buff dolomite. Features include wavy to planar
bedding, complex lenticular beds, oolites, and stylolites.
Sediments and the occurrence of a well preserved diatom assemblage from
Lithostratigraphic Unit I are interpreted as post-glacial glaci-marine deposition and subglacial rainout and lodgement tills. Lithostratigraphic Unit II is interpreted to record
marginal marine sediments associated with a transgression and changing terrestrial
vegetation based on sedimentological data and palynological assemblages.
Lithostratigraphic Unit III sediments reflect deposition on a shallow carbonate platform
(oolite) in subtidal to supratidal environments. The interbedded sandstone and carbonate
facies represent alternation between regressive (siliciclastic) and transgressive
(carbonate) cycles. Very limited organic material represented by aquatic amorphous
organic material with a fluffy, clotted, spongy, and granular appearance occurs in
Lithostratigraphic Unit III.
11.1.4.4 Physical Properties
The physical properties of Lithostratigraphic Unit I (clast-poor muddy diamict; 0 to
42.40 mbsf) are similar to those found at other Expedition 344S sites. In particular, there is
a marked decrease from 1.8 g/cm3 and 1560 m/s to 1.55 g/cm3 and 1500 m/s in bulk
density and P-wave velocity, respectively, at ~0.7 mbsf. This marks the transition from
sediment deposited in seasonally open water above, to consolidated and potentially iceloaded sub-glacial sediment below.
The physical properties of the Cretaceous carbonaceous mudstones and sandstones
found in Lithostratigraphic Unit II (42.2 to 62.65 mbsf) are characterized by cm- to dmthick intervals with low grain densities (<2.55 g/cm3) indicating they contain variable
amounts of low-density organic carbon and cm-thick, low porosity (<12%) sandstone,
where pore space is filled with Mg-calcite and/or silica cement. Uncemented mudstone,
which is the dominant lithology, has a porosity of 17% and a P-wave velocity of 2520 m/s
in the vertical (z) direction and 2820 m/s horizontally. In contrast, cemented sandstone
has a much higher P-wave velocity (>4000 m/s).
Lithostratigraphic Unit III (below 62.65 mbsf) can be divided in two subunits based
on its physical properties. Between 62.65 and 82.08 mbsf physical properties are
dominated by the presence of aluminosilicate minerals with porosity and velocity
characteristics similar to those of Unit II. Below this depth the presence of Mg-calcite and
dolomite cement produce lower porosity values (<15%), slightly higher grain densities
(2.69-2.87 g/cm3), and a corresponding increase in P-wave velocity to >3500 m/s.
Dolostones and chert, present in Lithostratigraphic Unit III, have low natural gamma
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radiation (<30 cps) relative to the siltstones and sandstones (>60 cps) in the same unit. The
magnetic susceptibility of Lithostratigraphic Units II (5.98 × 10-5 SI), and III (4.83 × 10-5 SI)
are in the same range, although the lower value observed at the bottom of the hole is
consistent with the presence of dolomite cement. Overall, the physical properties of the
rocks in this interval are similar those measured on what is presumed to be ProterozoicPaleozoic material recovered in the lower-most parts of Sites U0080 and U0110 and at Site
U0021.
The seismic velocities at Site U0047 are consistently higher than the pre-drilling
prediction of 2700 m/s below 82.08 mbsf. This implies that seismic reflectors below the
base of the hole will be at greater depth than originally predicted if these higher velocities
persist.
11.1.4.5 Geochemistry
Methane headspace gas concentrations were always below 10 ppmv in Hole
U0047A and the higher hydrocarbons were absent. Total organic carbon was low in most
cores (< 2 wt%). Only Cores U0047A-7R and -8R (42.4–62.0 mbsf), consisting of black
shales alternating with carbonate-rich intervals, have higher organic carbon content with a
maximum of 14 wt%, similar to the organic carbon content in the lower part of Hole
U0080A. Pyrolysis of a selected number of samples from Cores U0047A-7R and -8R (42.462.0 mbsf) indicate that these sediments with Cretaceous age have previously undergone
sufficient burial to initiate the early stages of hydrocarbon generation.

11.1.5 References
Scotese, C.R. and McKerrow, C.R., 1990. Revised world maps and introduction. In McKerrow,
W.S. and Scotese, C.R. (Eds.), Palaeozoic, Palaeogeography, and Biogeography. Geological
Society Memoir, No. 12, 1‒21.
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11.2 Operations
11.2.1 Transit to Site U0047
The JOIDES Resolution (JR) departed Site U0061 at 0054 hrs on 15 September 2012,
on route for Site U0047 (Fig. 11.2-F1). The 7.4 nmi trip took 1.8 hours at an average speed
of 4.11 knots.

Figure 11.2-F1. Location map of sites cored during the Baffin Bay Scientific Coring Program.

11.2.2 Site U0047 Operations
Operations at Site U0047 began at 0314 hrs on 15 September 2012. Operations for
the first seven hours on site included lowering the thrusters, positioning the vessel over the
site coordinates, obtaining water column data using the Fugro SeaBird, making up the
bottom-hole assembly (BHA), and tripping pipe down to near the seafloor. The vibrationisolated television (VIT) was then lowered to conduct a seabed survey of the biota. These
and other Site U0047 operations are listed in chronological order in Table 11.2-T1 and
illustrated in Figure 11.2-F2.
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Figure 11.2-F2. Planned and actual operations at Site U0047.
Hole U0047A was spudded with the rotary core barrel (RCB) system at 1325 hrs on
15 September 2012. While cutting Core U0047A-3R (13.5–19.6 mbsf), an approaching
growler forced suspension of coring. The drill string was pulled clear of the seafloor and
the core recovered to the rig floor. The vessel was offset in dynamic positioning (DP) mode
to allow the growler to pass. Even though there had not been time to deploy a free-fall
funnel (FFF), the hole was successfully reentered at 1915 hrs on 15 September. Since more
growlers were approaching the site, a FFF was installed, followed by another period of
waiting on ice (WOI).
Coring resumed at 2115 hrs on 15 September and proceeded uneventfully down to
Core U0047A-12R (97.0–100.2 mbsf), when two icebergs began to encroach on the drill
site. The bit was raised to near the seafloor to WOI and assess the situation. After about 5.5
hours, we attempted to run in the hole to total depth (TD), which required washing and
reaming to 32.5 mbsf. After recovering the wash barrel, additional ice threats resulted in
another period of WOI, which was likely to be an extended wait. At this point the decision
was made to terminate coring operations at the site, since rocks of presumed Proterozoic–
Paleozoic age were recovered from below the Quaternary overburden (see sections “11.3
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Lithostratigraphy” and “11.4 Chronostratigraphy”). The drill bit was pulled back up to the
rig floor and the vessel secured for transit. The vessel maneuvered out of ice congestion in
DP mode before the thrusters were raised, ending operations at Hole U0047A at 0724 hrs
on 17 September 2012.
Table 11.2-T1. Site U0047 operations.
Date

Time (hrs)

Hours

Location

Activity

15-Sep-12

0100-0245

1.75

Transit

15-Sep-12

0245-0315

0.50

Hole U0047A

Lower thrusters/hydrophones. Switch to DP mode at 0314
hrs. Position vessel over site coordinates.

15-Sep-12

0315-0945

6.50

Hole U0047A

Make-up RCB BHA and space out core barrels. Deploy Fugro
Seabird and obtain water column data. Pick-up new drill
collars and continue to make-up RCB BHA.

15-Sep-12

0945-1000

0.25

Hole U0047A

Deploy VIT.

15-Sep-12

1000-1130

1.50

Hole U0047A

Continue to RIH with drill string to 570 mbrf. Pick-up top
drive and space out for seabed biota survey.

Underway to Site U0047. Begin sea passage at 0054 hrs. End
sea passage at 0242 hrs.

15-Sep-12

1130-1315

1.75

Hole U0047A

Conduct seabed survey using VIT camera and moving ship
in DP mode in 30 x 30 m box pattern. Survey complete.
Move back to location coordinates. Tag seafloor with core
bit and obtain Fugro position coordinates.

15-Sep-12

1315-1330

0.25

Hole U0047A

Recover VIT. Spud Hole U0047A at 1325 hrs.

15-Sep-12

1330-1645

3.25

Hole U0047A

Cut and recover Cores 1R and 2R to 13.5 mbsf (610.0 mbrf).
Cut Core 3R to 19.6 mbsf (616.1 mbrf). Leave core barrel
inside pipe due to approaching growler.

15-Sep-12

1645-1700

0.25

Hole U0047A

POOH with top drive. Clear seafloor at 1655 hr.

15-Sep-12

1700-1715

0.25

Hole U0047A

Recover core barrel 3R.

15-Sep-12

1715-1830

1.25

Hole U0047A

DP off location to allow growler to pass over drill site.
Growler clear. DP back over hole coordinates. Deploy VIT
while moving back to drill site.

15-Sep-12

1830-1915

0.75

Hole U0047A

Space out drill string and maneuver vessel. Reenter bare
Hole U0047A at 1915 hrs. RIH to 8.5 mbsf (605.0 mbrf).

15-Sep-12

1915-1930

0.25

Hole U0047A

Recover VIT.

15-Sep-12

1930-2030

1.00

Hole U0047A

Several growlers approaching drill site. Rig-up and deploy
FFF into Hole U0047A.

15-Sep-12

2030-2100

0.50

Hole U0047A

Standby WOI for growler field to pass.

15-Sep-12

2100-2115

0.25

Hole U0047A

RIH with drill pipe to TD.

15-Sep-12

2115-2400

2.75

Hole U0047A

16-Sep-12

0000-1200

12.00

Hole U0047A

16-Sep-12

1200-1930

7.50

Hole U0047A

Resume RCB coring. Cut and recover Cores 4R and 5R to
32.8 mbsf (629.3 mbrf).
Continue RCB coring. Cut and recover Cores 6R through 9R
to 71.5 mbsf (668.0 mbrf). Cutting Core 10R at a depth of
74.5 mbsf (671.0 mbrf).
Continue RCB coring. Cut and recover Cores 10R through
12R to 100.2 mbsf (696.7 mbrf). Two icebergs identified as
moving toward location.
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Date

Time (hrs)

Hours

Location

Activity

16-Sep-12

1930-2000

0.50

Hole U0047A

POOH with top drive to 22.5 mbsf (619.0 mbrf) due to
encroaching ice.

16-Sep-12

2000-2400

4.00

Hole U0047A

WOI. Wait for icebergs to pass while evaluating next ice
threat to site and determining best course of action.

17-Sep-12

0000-0115

1.25

Hole U0047A

Continuing to WOI.

17-Sep-12

0115-0215

1.00

Hole U0047A

Attempt to RIH to bottom. Taking weight at 617.0 m. Drop
core barrel and wash/ream to 32.5 mbsf (629 mbrf).

17-Sep-12

0215-0230

0.25

Hole U0047A

Recover wash barrel.

17-Sep-12

0230-0345

1.25

Hole U0047A

Resume WOI.

17-Sep-12

0345-0600

2.25

Hole U0047A

POOH with top drive to 571.0 mbrf. Cleared seafloor at 0350
hrs. Set back top drive and continue to POOH. Bit clear of
rotary table at 0600 hrs.

17-Sep-12

0600-0630

0.50

Hole U0047A

Secure rig for transit to Site U0061.

17-Sep-12

0630-0730

1.00

Hole U0047A

Maneuver vessel out of ice congestion in DP mode and pull
thrusters.
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11.3 Lithostratigraphy
11.3.1 Overview
One hole was cored at Site U0047 to a total depth of 100.2 mbsf using the rotary
core barrel (RCB) system. A total of 25.59 m of core was recovered from the 12 cores
collected, providing an average recovery of 25.5% (Fig. 11.3-F1). Diamicts and washed
gravels occur in the upper 42.4 mbsf, an interval spanning the first six cores (U0047A-1R to
-6R). Only 3.85 m of sediments were recovered in these cores. The interval from U0047A7R, 0 cm through -9R-1, 65 cm (42.4–62.65 mbsf) recovered 5.73 m of carbonaceous
siliciclastic sediments, including mudstones, siltstones, and sandstones. Below 62.65 mbsf
(U0047A-9R-1, 65 cm) to the bottom of the hole at 100.2 mbsf (U0047A-12R-CC), 6.01 m of
sediment was recovered with a wide range of lithologies. Dark red, olive green, gray, and
pale brown colored sandstones are interbedded with carbonate rocks, including finegrained dolomite, laminated carbonates, and oolites.

11.3.2 Lithostratigraphic Units
Three lithostratigraphic units are defined at Site U0047 (Fig. 11.3-F2).
Lithostratigraphic Unit I (0–42.4 mbsf) is defined by either the presence of clast-poor,
muddy diamict or washed gravels. Lithostratigraphic Unit II (42.4–62.65 mbsf)
encompasses the interval dominated by carbonaceous siliciclastic rocks, including
mudstones, siltstones, and sandstones. Lithostratigraphic Unit III (62.65–100.2 mbsf) is
marked by sandstones of various colors, including dark red, gray, olive green, and pale
brown, which are interbedded with carbonate rocks.
Sediments from Lithostratigraphic Unit I are interpreted as post-glacial glaci-marine
deposition and sub-glacial rainout and lodgement tills. Sediments from Lithostratigraphic
Unit II are interpreted to record marginal marine sediments associated with a
transgression. These siliciclastic sediments are carbonaceous, having both coal fragments
and pyrite. Lithostratigraphic Unit III sediments reflect deposition on a shallow carbonate
platform in subtidal to supratidal environments. The interbedded sandstone and carbonate
facies represent alternation between regressive (siliciclastic) and transgressive
(carbonate) cycles.

11.3.3 Facies Descriptions
Seven facies were identified at Site U0047 based on sedimentary composition, grain
size differences, color, and cementation (see section “2.3 Lithostratigraphy” for a
description of grain size classification and assigned rock names). Sedimentary structures,
including very fine horizontal laminations, mud drapes, graded or convolute beds, and
ripple cross- stratification, are characteristic of some facies and relate directly to the
hydraulic conditions in the depositional environment.
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Figure 11.3-F1. Recovery and generalized lithology at Site U0047. See Fig. 2.3-F5 in section
“2.3 Lithostratigraphy” for a key to lithologic symbols.
11.3.3.1 Facies 1 – Clast-Poor Muddy Diamict
The clast-poor, muddy diamict facies consists of mixture of clay-, silt- and sand-sized
matrix with rare granule- to pebble-sized clasts of igneous, metamorphic and reworked
sedimentary origin (Fig. 11.3-F3). Facies 1 shows mm-scale laminations in some intervals
(e.g., Interval U0047A-1R-1A, 68-69 cm in Fig. 11.3-F3), but layering is rare in general. In
Core U0047A-1R, the clast-poor, muddy diamict facies has Quaternary diatoms and benthic
foraminifera (see section “11.4 Chronostratigraphy”).
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Figure 11.3-F2. Summary of Hole U0047A lithostratigraphy.
11.3.3.2 Facies 2 – Washed Gravel
Recovered material from Cores U0047A-2R to -6R consists solely of pebble- to
cobble-sized clasts of gneiss, granite, diorite, marble, basalt, and sedimentary origin. These
clasts are inferred to be the washed remnants of a clast-rich diamict, resulting from RCB
drilling. Similar lithologies are observed in other sites.
11.3.3.3 Facies 3 – Black to Very Dark Gray Carbonaceous Mudstone
The carbonaceous mudstone lithofacies has variable silt content, grading from a low
silt variety to a more silt-rich end member (Fig. 11.3-F4). Finer-grained mudstones are
generally black in color, while the coarser varieties of mudstone tend to be dark gray.
Siltier mudstones often grade into siltstones. Very thin siltstone to sandstone laminae and
wisps are present in the carbonaceous mudstone facies and are not distinguished as a
separate lithology when <1 cm in thickness (Fig. 11.3-F5). Beds of Facies 3 are typically
dm- to m-scale.
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Figure 11.3-F4. Unit II, Lithofacies 3. Core
photograph of typical massive black
carbonaceous
mudstone
(Interval
U0047A-8R-2A, 48-62 cm).

Figure 11.3-F3. Unit I, Lithofacies 1. Core
photograph of clast-poor muddy diamict
(Interval U0047A-1R-1A, 55-70 cm).

Figure 11.3-F5. Black mudstone with silty laminae. Detailed photograph of light colored
silty laminae in carbonaceous claystone of Facies 2 (Interval U0047A-8R-1A, 1-11 cm).
Note the small silt ripples at 2 cm.
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11.3.3.4 Facies 4 –Carbonaceous Siltstone
The carbonaceous siltstone lithofacies varies from gray to dark gray, depending on
organic carbon content (Fig. 11.3-F6). This facies exhibits distinct layering in some
intervals, but is most often massive due to complete bioturbation of the original laminae.
Thin laminae of quartz sand are found within the siltstone facies, usually above a sandstone
bed (Fig. 11.3-F7). Root traces are common and are either coalified or pyritized (Fig. 11.3F8).

Figure 11.3-F6. Dark gray siltstone with
root traces. Photograph of bioturbated
siltstone showing abundant macroscopic
organic matter (Interval U0047A-8R-2W,
1-11 cm).

Figure 11.3-F7. Sandy siltstone. Detailed
photograph of sand laminae within
carbonaceous siltstone (Interval U0047A1R-1A, 60-75 cm).

11.3.3.5 Facies 5 – Carbonaceous Sandstone
Beds of the carbonaceous sandstone lithofacies at Site U0047 have massive bedding
reflecting either original deposition with little structure or extensive post-depositional
bioturbation. Rocks of Facies 5 vary in color from gray to black based on the amount of
fine-grained carbonaceous material incorporated into the sandstone. Most sandstone beds
of Facies 5 are very dark gray to black (Fig. 11.3-F9). In contrast, the dark gray sandstone in
the Interval U0047A-7R-1A, 84 cm to -7R CC has less carbonaceous material and is highly
bioturbated (Fig. 11.3-F10). Carbonaceous sandstones recovered at this site are generally
dm-scale beds.
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Figure 11.3-F8. Unit II, Lithofacies 4. Core photograph of pyritized and coalified root traces
I (Interval U0047A-8R-3A, 33-51 cm).

Figure 11.3-F9. Unit II, Lithofacies 5. a) Core photograph of carbonaceous sandstone with
pyritized macroscopic root trace (Interval U0047A-9R-1A, 56-64 cm). b)
Photomicrography of carbonaceous sandstone showing organic pure quartz sandstone in
coaly matrix. Organic matter is highly oxidized, refractory material (black) with a few
woody bits (red).
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Figure 11.3-F10. Unit II, Lithofacies 5. Core photograph of carbonaceous sandstone (low
carbon) that is heavily bioturbated (Interval U0047A-7R-1A, 87-102 cm).
11.3.3.6 Facies 6 – Sandstone
Beds of the sandstone lithofacies at Site U0047 vary in color from dark red, olive
green, gray, to pale brown. Sandstones show planar, lenticular and flaser bedding that is
highlighted by mud drapes. There is no evidence of bioturbation. The red, green and gray
sandstones, in particular, have a faded appearance, indicating pedogenic modification and
cementation (Fig. 11.3-F11). Several sandstone beds have rip up clasts that are granule to
pebble sized. Rip-up clast lithology varies from sandstone to planar laminated dolomites to
oolitic (Fig. 11.3-F12). Sandstone bed thickness ranges dm- to m-scale.
11.3.3.7 Facies 7 – Carbonate
The carbonate facies appears in several forms and colors at Site U0047. Dolomite is
the most prevalent form of carbonate found and is often fine grained and structureless (Fig.
11.3-F13a). Color varies from gray to pink to buff. Fine-grain dolomites may have a vuggy
texture (Fig. 11.3-F13b). White to buff carbonate rocks show wavy to planar bedding as
well as complex lenticular beds (Fig. 11.3-F13c-e). Particularly noteworthy in Facies 7 are
oolites (Fig. 11.3-F13d). Rip up clasts of carbonate lithology are noted within sandstones of
Facies 6 (Fig. 11.3-F12). Stylolites and are also found within the carbonate Facies 7 (Fig.
11.3-F14).
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Figure 11.3-F11. Colored sandstones of Facies 6. a) Red (Interval U0047A-12R-2A, 0-15
cm); b) Green (Interval U0047A-11R-2A, 30-45 cm); Beige (Interval U0047A-9R-2A, 16-31
cm).

Figure 11.3-F12. Sandstone with clasts in Facies 6. Photograph of Interval U0047A-10R-3A,
72-77 cm, showing carbonate clasts in a sandstone. Arrow points to oolitic clast.
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Figure 11.3-F13. Variations in carbonate Facies 7. Photograph of a) pink massive dolomite
(Interval U0047A-11R-1A, 51-54 cm); b) gray vuggy dolomite (Interval U0047A-11R-2A,
90-95 cm); c) planar laminae (Interval U0047A-11R-1A, 83-88 cm); d) wavy (Interval
U0047A-11R-1A, 96-99 cm); e) complex lenticular (Interval U0047A-12R-3A, 38-41 cm).

Figure 11.3-F14. Oolitic texture in carbonate Facies 7. Photograph of a) oolites (Interval
U0047A-11R-1A, 111-113 cm); b) Photomicrograph of oolites in cross-polarized light from
a thin section of the oolitic limestone shown in -F14a.
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11.3.4 Facies interpretations
Facies 1 is interpreted as a glacial to early post-glacial marine till, based on its
sedimentary characteristics and stratigraphic position. The presence of Quaternary
diatoms and benthic foraminifera within the diamict of Core U0047A-1R (see section “11.4
Chronostratigraphy”) indicate a glacimarine environment in which there were periods of
open water. The washed gravels of lithostratigraphic Facies 2 are interpreted to reflect
washed diamicts that resulted from the RCB drilling process. The preservation of the
relatively unconsolidated muddy diamict (Facies 1) in Core U0047A-1R resulted when the
driller pushed rather than rotated the rotary core barrel (RCB) gently into the seafloor until
a hard surface was reached after which rotary coring commenced.
Lithostratigraphic Facies 3–5 are interpreted to record deposition in marginal
marine environments. The presence of coal fragments and pyrite in all three facies argues
for a near shore setting with relatively high salinities. The fine-grained nature of
carbonaceous mudstones (Facies 3) indicates deposition in a low energy environment.
Bioturbation is absent in Facies 3 suggesting either an anoxic water column or more likely
anoxic pore waters.
The siltstones (Facies 4) display two distinct varieties. One is has macroscopic
organic debris and is interpreted as shallow lagoonal or perhaps a levee on a delta front
distributary (Fig. 11.3-F8). The coalified and/or pyritized root pieces are common and
indicate shallow water deposition. The second siltstone variety has wavy to planar
laminations with some rippling, which are indicative of current flow. A good example of
this is found in Core U0047A-7R, which has carbonaceous sandstone below and mudstone
above and may represent the transitional stage between higher velocity sand deposition to
the relatively quiet mudstone accumulation (Fig. 11.3-F7).
The carbonaceous sandstone facies (Facies 5) is found interspersed throughout
Lithologic Unit II. It often has coalified wood intermixed among the sand grains (Fig. 11.3F9b). Pyrite grains are common in the carbonaceous sandstones (Fig. 11.3-F15). Thin (~5
cm) sandstone beds are found within mudstone facies and are interpreted as short-lived,
high-energy deposits such as storm events. A gray (less carbonaceous) sandstone is found
at the base of Core U0047A-7R and is highly bioturbated. Only 48 cm of this sandstone was
recovered, limiting determination of a depositional environment. This basal sandstone may
represent distributary bar/channel sands or crevasse splay type deposits resulting from a
large episodic event.
The colorful sandstones (dark red, olive green, pale brown, and gray) are
interpreted to reflect deposition in a sub to supra-tidal deposition. The flaser, lenticular,
and wavy laminations are common in these environments, which develop in response to
weak wave and tidal action. The carbonate rocks (Facies 7) indicate deposition in a warm
shallow subtidal environment. In particular, ooid formation requires warm, high alkalinity
environments, such as those found in shallow evaporative platforms. The carbonate rocks
showing wavy to complex lenticular facies are reminiscent of microbialites. These
carbonate deposits, like the flaser bedded sandstones, require shallow waters that are
actively stirred. The intermixed nature between the sandstones of Facies 6 and carbonates
of Facies 7 is interpreted to reflect alternations in small-scale transgressive and regressive
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cycles. The overall appearance and higher cementation of Facies 6 and 7 argues for
pedogenic modification.

Figure 11.3-F15. Pyrite crystal from thin section of laminated carbonaceous siltstone
(Interval U0047A-7R-1, 67-70 cm). Pyrite is common throughout Unit II.

11.3.5 Unit Descriptions and Interpretations
Based on visual core descriptions and smear slide analyses, the sediments at Site
U0047 are divided into three lithostratigraphic units.
11.3.5.1 Unit I
Interval: 344S-U0047A-1R-1, 0 cm, through -6R-CC
Depth: 0–42.4 mbsf
Age: Quaternary
Lithostratigraphic Unit I is composed of diamicts and washed gravels of Facies 1 and
2. In Core U0047A-1R, diatoms and benthic foraminifera were observed, indicating open
waters existed at least intermittently (see section “11.4 Chronostratigraphy”). Cores
U0047A-2R through -6R contain washed gravels with parent lithologies of
granites/granitoids and gneisses with lesser amounts of diorite, basalt and sedimentary
intraclasts, which are interpreted to represent clast-rich diamicts.
Although recovery was poor, the estimated thickness of Unit I (42.4 m) is in good
agreement with seismic reflection profiles indicating ~40 m of Quaternary cover at Site
U0047. The stratigraphic position of Unit I and the characteristics of Facies 1 and 2 support
the interpretation of these sediments as glacimarine deposits. The recovery of lithologically
diverse pebble and cobble-sized clasts as well as largely clast-poor, muddy diamict
suggests that this sediment was deposited by ice.
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11.3.5.2 Unit II
Interval: 344S-U0047A-7R-1, 0 cm, through 9R-1, 65 cm
Depth: 42.4–62.65 mbsf
Age: late Aptian to early Albian
Lithostratigraphic Unit II consists of carbonaceous mudstones interbedded with
carbonaceous siltstones and sandstones. The base of this lithostratigraphic unit is a coarse
grained carbonaceous sandstone which fines upward into siltstone and then mudstone
facies at the top of Core U0047A-7R. This fining sequence is interpreted to reflect a
trangressive interval with siliciclastic deposition occurring in marginal marine setting. It is
difficult to know the scale of this cycle since Unit II is only 20 m thick and recovery was
only 25%. (Seismic lines predicted penetration of only a short interval between seismic
reflections with the Quaternary above and Unit III below). For example, the gray sandstone
in Interval U0047A-7R-1, 84 cm – 7R-CC may represent the start of another fining upward
or transgressive cycle or a short-term event superimposed on a long-term transgression
(Fig. 11.3-F10). Whether one or two transgressive intervals are present is not as important
as the observation that a medium grained sandstone is found at the base of Unit II, which
fines upward.
11.3.5.3 Unit III
Interval: 344S-U0047A- 9R-1, 65 cm through 12R-CC
Depth: 62.65–100.2 mbsf
Age: Proterozoic–Paleozoic
The boundary between Lithostratigraphic Units II/III was determined based on the
first appearance of red hematite stained sandstones with planar to flaser bedding, a
lithology that is widespread in this unit (Fig. 11.3-F16). The highest occurrence of dark red
sandstone occurs at 62.65 mbsf (U0047A-9R-1A, 65 cm) and is coincident with
disappearance of dinoflagellates and pollen (see section “11.4 Chronostratigraphy”) and a
sharp drop in TOC (see section “11.6 Geochemistry). The dark red sandstone at the top of
Unit III (Interval U0047A-9R-1A, 65-92 cm) is darker than similar lithologies below lower
in Unit III, which is interpreted to reflect infiltration of minor amounts of black
carbonaceous material from Unit II.
Unit III consists interbedded siliciclastic sandstone and carbonate rocks. The
sandstones are dark red, olive green, pale brown, and gray in color and are well cemented.
Both the color and degree of cementation in Unit III contrast sharply with the carbonaceous
sandstones found in Unit II. Flaser to planar bedding in the sandstone facies is interpreted
to represent tidally influenced deposition in a relatively protected embayment.
The appearance of carbonate rocks (dolostones and cemented carbonates) at Site
U0047A with planar to wavy laminae, oolites, and styolites presents an enigma as
Cretaceous siliciclastic sedimentation was expected throughout the targeted coring
intervals at Site U0047. In particular, oolitic carbonates require a warm, high alkalinity
conditions with stirring from tidal and wave action. This paleo-environmental
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reconstruction contrasts sharply with the rapid siliciclastic sedimentation with current
controlled depositional features and high organic input that characterizes previously
recovered Cretaceous aged rocks from all sites drilled as part of Expedition 344S.
Oscillations between sandstone (Facies 6) and carbonate (Facies 7) lithologies in
Unit III are interpreted as transgressive-regressive cycles, which alternate deposition
between siliclastic (supratidal) and carbonate (subtidal) sediments. Six carbonate intervals
separated by sandstones were recovered at Site U0047. The time-scale for these
oscillations is unknown and could be auto-cyclic or possibly astronomically forced.

Figure 11.3-F16. Unit II/III boundary depositional environment. The boundary between
Units II and III is placed at U0047A-9R-1A, 65 cm based on the highest occurrence of red
sandstone. White line shows the boundary with red hematite stained sandstone below and
carbonaceous sandstone above.
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11.3.6 X-Ray Diffraction Results from Site U0047
-ray
diffraction (XRD) to estimate mineral composition and abundance (Tables 11.3-T1 and –
T2). Details on XRD methodology and the semi-quantitative assessment of mineral contents
are found in “Chapter 2. Methods” (see section “2.3 Lithostratigraphy”). The XRD results
support the overall interpretation that Unit II was deposited in a marginal marine setting.
Most samples are dominated by quartz, which is present as detrital, silt- to sand-sized
particles according to thin-section analysis. Minor detrital components include K-feldspar,
plagioclase and clay minerals. Pyrite is rare in the XRD samples, contrasting with core and
thin sections observations that show pyrite was more common. Siderite was observed in
only the uppermost part of Unit II. The most significant finding in the bulk XRD results was
the confirmation that dolomite was common to abundant in samples from Cores U0047A11R and -12R.
Table 11.3-T1. XRD results from bulk samples from Site U0047. Semi-quantitative
assessment of mineral abundance is based on a comparison of peak intensities. Note, XRD
signatures are not linearly proportional to real mineral abundances (see “2.3
Lithostratigraphy”). The approximate abundances are as follows: A = <30%, C = 30-10%, F
= 10-3%, R = <3%.
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Kaolinite is the most abundant clay mineral found in Units II and III (Table 11.3-T2).
Illite is always present. Chlorite is present in Samples U0047A-7R-1W, 38-39 cm through 8R-1W, 53-54 cm and Samples U0047A-10R-3A, 93-95 cm through -12R-1W, 104-105 cm
(Table 11.3-T1). Four samples were glycolated to distinguish smectite in the clay mineral
fraction (Table 11.3-T2). The glycolated XRD results show only Sample U0047A-12R-1W,
104-105 cm contained smectite. Smectite formation is most commonly associated with
low-lying, poorly drained regions and/or through the weathering of basic rocks.
Table 11.3-T2. XRD results from clay fraction (
from Site U0047. Counts refer to
peak intensities following background subtraction. Abundances and clay-mineral ratios are
based on peak intensities, which are not linearly proportional to mineral concentrations.
Approximate abundances: A = <30%, C = 30-10%, F = 10-3%, R = <3%.

11.3.7 Speculation on Unit III
The recovery of carbonate rocks in Cores U0047A-11R and -12R prompted a brief
review of documented exposures of carbonate rocks in northern Greenland. Carbonate
rocks in northern Greenland are reported in Lower Paleozoic sections (Peel, 1982; Ineson
and Peel, 1997) and Proterozoic Thule Supergroup (Dawes, 1997). Lower Paleozoic
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carbonate rocks span northern Greenland from as far west as Warming Land, across the
Arctic margin to northeastern Greenland (Peel, 1982). The Thule Supergroup spans the
Mesoproterozoic and Neoproterozoic. The type section is exposed in the Thule region. A
small exposure is reported near Cape York in DeDodes Fjord, just to the north of the Site
U0047 (Dawes, 1997). Based on published descriptions of Lower Paleozoic and
Neoproterozoic carbonate rocks in northern Greenland (e.g., Peel (1982) and Dawes
(1997)), the rocks recovered from Unit III at Site U0047 are most similar to those described
in the Neoproterozoic of the Narssarssuk Group of the Thule Supergroup.
Dawes (1997) reports carbonate lithologies in the Narssarssuk Group as dolomites
with gray, pink and buff coloring. Dolomites are fine grained with a few exposures of blocky
or brecciated dolomite. Vuggy, laminated and oolitic textures are found in this group.
Stylolites are also reported within some of the carbonate beds of the Narssarssuk Group.
All of these dolomitic textures are found at Site U0047. Dawes (1997) also notes that the
Narssarssuk Group contains abundant siliciclastic beds. Sandstones are red, green, gray
and light brown, exhibiting a range in lamination from planar to flaser that are accentuated
by mud drapes. Based on the Dawes (1997) synthesis, both the dolomitic and siliciclastic
lithologies described from Unit III are the dominant lithologies in the Narssarssuk Group.
The presence of the carbonates, and oolites in particular, at Site U0047 argues for a
time when NW Greenland was near the equator. Paleomagnetic inclination data indicate
that the rocks of Unit III were deposited near the equator (see section “11.4
Chronostratigraphy”). Paleogeographic reconstructions place northern Greenland near the
equator from the latest Precambrian through the Silurian, after which, Greenland began its
northern movement out of the tropics (Scotese and McKerrow, 1990).
The absence of macrofossils and bioturbation is also consistent with a Narssarssuk
Group correlation. The Neoproterozoic age for the Narssarssuk rocks is based on acritarch
biostratigraphy (Dawes and Vidal, 1985). Acritrachs, if found with additional shore-based
work, will be diagnostic for determining if the Unit III rocks at Site U0047 are indeed as
ancient as the lithologic and paleomagnetic data imply. The alternative hypothesis is that
Unit III rocks were deposited during the Early Cretaceous, subaerially exposed causing
pedogenic modification after which sedimentation recommenced with a relatively short
hiatus. This, however, cannot explain the origin of the carbonate rocks with near horizontal
paleo-inclinations while northwest Greenland was positioned in the high latitudes.
In summary, the data available at this time argue that rocks in Unit III of Site U0047
are best correlated to Neoproterozoic Narssarssuk Group. This assessment is based on the
lithologic similarity and proximity of Site U0047 rocks to the Thule Supergroup outcrops
and the presence of oolites and shallow paleo-inclinations, which require an equatorial
position of NW Greenland at the time of deposition. A Neoproterozoic age for the basal
rocks recovered in Site U0047 is important because the siliciclastic rocks in Unit IId at Site
U0080 and the bottom of Site U0110 are lithologically similar to those found in Unit III of
Site U0047. If this correlation holds, then the lithologic changes at found at ~350 mbsf in
Site U0080 and at ~173.5 mbsf in Site U0110 also indicate that significant unconformities
separate the Lower Cretaceous from the Neoproterozoic at these sites.
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11.4 Chronostratigraphy
11.4.1 Introduction
The chronostratigraphy at Site U0047 is constrained by the presence of
foraminifera, diatoms, dinoflagellate cysts, pollen, and spores in the upper 62.65 m of the
site. In addition, the natural remanent magnetization (NRM) measured before and after
magnetic cleaning was used to determine the magnetostratigraphic polarity.
Lithostratigraphic Unit I (0‒42.4 mbsf) is Quaternary in age based on the presence of
benthic foraminifera characteristic of northern high latitudes, together with an assemblage
of modern, Arctic, open marine diatoms in the uppermost part of the unit indicating an age
of <0.305 Ma. The normal polarity within this interval is assigned to the Brunhes Chron
(C1n; 0‒0.781 Ma). Lithostratigraphic Unit II (42.4‒62.65 mbsf) is late Aptian to early
Albian in age based on the palynomorph assemblage, which includes the dinoflagellate taxa
Nyktericysta davisii and Quantouendinium dictyophorum, as well as several species of
Cicatricosisporites (spore) and the pollen Foraminisporis asymmetricus. This is consistent
with the observed normal geomagnetic polarity and assignment to the Cretaceous Long
Normal Polarity interval (Superchron C34n; 83.64‒125.93 Ma).
The age of Lithostratigraphic Unit III (62.65‒95.47 mbsf) is unconstrained
biostratigraphically, as only a few mineralized, unidentifiable spores were found in the
uppermost 2 m of the unit. Thermal demagnetization of the cores yielded mostly shallow
inclinations, indicating low paleolatitude at the time of deposition. This, together with the
presence of carbonate rocks with oolites likely deposited in a warm shallow water
environment (see section “11.3 Lithostratigraphy”), suggests an age of Paleozoic or older
for Lithostratigraphic Unit III, as Greenland was located near the equator at various times
during the Proterozoic and Paleozoic (Scotese and McKerrow, 1990).

11.4.2 Biostratigraphy
Samples from Site U0047 were examined for calcareous nannofossils, foraminifera,
diatoms, dinoflagellate cysts, pollen, and spores. Samples were collected from core catchers
of each core, with some additional samples taken from split-core sections primarily for
palynomorphs. The primary results for all fossil groups are summarized in Figure 11.4-F1.
The ~42 m of glacial sediments contain rare benthic foraminifera, as well as a diverse and
well-preserved assemblage of diatoms. Lithostratigraphic Unit II (42.4‒62.65 msbf) is
barren of calcareous nannofossils, foraminifera, and diatoms, but contains an assemblage
of dinoflagellate cysts, pollen and spores that indicated a late Aptian to early Albian age for
the unit. Lithostratigraphic Unit III (62.65‒95.47 mbsf) is essentially barren of all
microfossil groups, with only a few traces of poorly preserved and mineralized
unidentifiable spores in the uppermost 2 m of the unit.
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Figure 11.4-F1. Biostratigraphic summary for Site U0047.
11.4.2.1 Calcareous Nannofossils
Eight samples from Site U0047 were examined for calcareous nannofossils
(Appendix Table 11.4-AT1). A single reworked specimen of Reticulofenestra minutula
occurs in Sample U0047A-5R-1, 64-67 cm (23.74 mbsf). The remaining seven samples are
barren of nannofossils.
11.4.2.2 Foraminifera
Six samples from Site U0047 were processed and analyzed for foraminifera
(Appendix Table 11.4-AT1). No planktonic foraminifera were recovered and one sample
(U0047A-1R-1, 0-2 cm [1.28 mbsf]) contained the calcareous benthic foraminifera
Elphidium excavatum and miscellaneous agglutinated foraminifera. Elphidium excavatum
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occurs commonly in shelf environments in the northern high latitudes and throughout the
Quaternary (Belanger and Streeter, 1980; Korsun and Hald, 1998).
11.4.2.3 Diatoms
A well-preserved diatom assemblage occurs in Sample U0047A-1R-1, 128-130 cm
(1.28 mbsf), whereas all other samples (U0047A-5R-1, 64-67 cm [23.74 mbsf]
through -12R-CC [95.44 mbsf]) are barren of diatoms (Appendix Table 11.4-AT1). The
assemblage in Sample U0047A-1R-1, 128-130 cm (1.28 mbsf) comprises typical modern,
Arctic, open marine diatom species Actinocyclus curvatulus, Actinocyclus oculatus,
Coscinodiscus spp., Porosira glacialis, Rhizosolenia hebetata, Thalassiosira gravida,
Thalassiosira trifulta, and Thalassiothrix longissima. In addition, a number of other siliceous
microfossils were observed, including sponge spicules, chrysophyte cysts, radiolarians, and
silicoflagellates. An age of late Pleistocene to Holocene, less than 0.305 Ma, is assigned to
these samples based on the presence of the above listed taxa and the absence of Proboscia
curvirostris (last appearance datum [LAD] 0.295‒0.305 Ma) and Thalassiosira jouseae (LAD
0.295‒0.305 Ma) (Koç et al., 1999).
11.4.2.4 Dinoflagellate Cysts
A total of 13 samples from Hole U0047A were examined for dinoflagellate cysts and
acritarchs (Appendix Table 11.4-AT2). The organic material in the samples from Cores
U0047A-7R-1, 27-29 cm to -9R-1, 20-22 cm (42.67‒62.20 mbsf) is dominated by
terrestrially derived organic material: undifferentiated plant debris, tracheids, cuticles,
spores, and pollen (Fig. 11.4-F2A to -F2D), whereas the very limited organic material
recorded below 62.20 mbsf is represented by aquatic amorphous organic material with a
fluffy, clotted, spongy, and granular appearance (Fig. 11.4-F2E and -F2F).
In addition to the terrestrial material, very low diversity assemblages of very thin
walled brackish water dinoflagellate cyst and acritarch specimens were recorded from
three samples from Cores U0047A-7R-1, 27-29 cm to -7R-CC, 12-15 cm (42.67‒43.73
mbsf), whereas only spores and pollen were recorded from the three samples from Cores
U0047A-8R and -9R (54.78‒62.20 mbsf) (Appendix Table 11.4-AT2). No dinoflagellate
cysts, acritarch specimens, spores, or pollen occur in samples below ~63 mbsf.
The few recorded dinoflagellates are Nyktericysta davisii with very short post- and
pre-cingular horns, Pseudoceratium interiorense?, Quantouendinium cf. dictyophorum, and
Vesperopsis? sp., and the acritarch genera Fromea and Wurioa (Fig. 5.4-F3). In addition, a
possible new species questionably referred to as Moorodinium sp. tabulate, also recorded
from other Expedition 344S sites (e.g., see section “5.4.2.4 Dinoflagellate Cysts”), is
common (Fig. 5.4-F3).
Paleoenvironment and Age
The dinoflagellate assemblage together with the recorded spores and pollen flora
(see section “11.4.2.5 Pollen and Spores”) indicate a late Early Cretaceous age (Aptian(?)‒
early Albian). The abundance of terrestrially derived material and the presence of
Nyktericysta spp., Pseudoceratium spp., and Quantouendinium spp. in the Cretaceous
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palynological assemblage from Site U0047 indicate a brackish water to marginal marine
depositional environment. Similar dinoflagellate cyst assemblages have previously been
reported from brackish water to partly marine deposits of Albian age from the Kome and
Slibestenfjeldet Formations at Nuussuaq, West Greenland (Nøhr-Hansen, 2005, 2008; Dam
et al., 2009).

Figure 11.4-F2. Photomicrographs of the general palynofacies from Site U0047. (A) Sample
U0047A-7R-1, 27-29 cm (75.25 mbsf); (B) Sample U0047A-8R-2, 104-107 cm (54.78 mbsf);
(C) Sample U0047A-8R-CC (55.99 mbsf); (D) Sample U0047A-9R-1, 20-22 cm (62.20 mbsf);
(E) Sample U0047A-9R-1, 129-132 cm (63.29 mbsf); (F) Sample U0047A-10R-3, 88-89 cm
(75.25 mbsf).
Nyktericysta davisii and P. interiorense were first described by Bint (1986) from
upper middle and upper Albian and lower Cenomanian marine shale of the Western
Interior (USA), with sheet-like sandstone beds presumed to represent delta front
processes, suggesting a marginal marine depositional complex.
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Quantouendinium dictyophorum was described from Aptian to Albian freshwater to
slightly brackish water deposits in northeastern China by Mao et al. (1999). Nøhr-Hansen
(1993) previously recorded Q. dictyophorum as Vesperopsis aff. fragilis from marine
deposits of the Odontochitina ancala Subzone (V2) of late Albian age from East Greenland.
MacRae (1992) recorded abundant Q. dictyophorum as Nyktericysta sp. B from the nonmarine uppermost Albian Strand Fiord Formation in Arctic Canada.

Figure 11.4-F3. Photomicrographs of dinoflagellate cysts from Site U0047. Images A, B, C, D,
E, and F from Sample U0047A-7R-1, 27-29 cm (42.67 mbsf). Images G and H from Sample
U0047A-7R-1, 71-73 cm (43.11 mbsf). Nyktericysta davisii specimens in (B) and (C) have
very small post- and pre-cingular horns.
An age not younger than Albian may also be supported by the absence of large
Nyktericysta davisii specimens with long post- and pre-cingular horns, which has a first
appearance within the Ravn Kløft Member (assigned a late Albian–early Cenomanian age)
onshore West Greenland) and by the absence of the pollen Rugubivesiculites rugosus, which
also has a first appearance within the Ravn Kløft Member (Nøhr-Hansen, 2008; Dam et al.,
2009).
11.4.2.5 Pollen and Spores
Twelve samples from Hole U0047A were analyzed for pollen and spores. Samples
from Cores U0047A-7R and -8R contain rich and diverse pollen and spore assemblages,
whereas samples from Core U0047A-9R contain rare mineralized spores and fragments of
saccates, which could be Cretaceous material introduced into the underlying rocks
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(paleosol) of presumed Proterozoic to Paleozoic age through weathering. Cores U0047A10R to -12R are barren of palynomorphs (Appendix Table 11.4-AT3). In general, the
assemblage consists of miospores and gymnosperms with traces of primitive angiosperms;
however, a trend in terrestrial vegetation is discernible from changes in the assemblage
composition within Cores U0047A-7R and -8R. This change is used to divide the section
into two informal pollen intervals based on inferred changes in terrestrial vegetation in the
hinterland of Site U0047.
Gymnosperm Informal Interval
Samples U0047A-7R-1, 27-29 cm, -7R-1, 71-73 cm, and -7R-CC, 12-15 cm (42.67‒
43.73 mbsf) contain highly diverse gymnosperm (conifer) pollen and are rich in monolete,
monosaccate, non-saccate, and perinate forms (Fig. 11.4-F4). Pteridophyte trilete fern
spores are common in these samples, and while their abundance and diversity are very
high, they are still lower than those of gymnosperms. Chyatheidites spp. and
Deltoidosporites spp. are the most prevalent spores (Appendix Table 11.4-AT3).
Cicatricosisporites/Miospores Informal Interval
Samples U0047A-8R-2, 104-107 cm and -8R-CC, 6-9 cm (54.78‒55.99 mbsf) contain
mostly small bisaccate pollen and a very rich miospore assemblage. Different species of
Cicatricosisporites (e.g., C. australiensis, C. augustus, C. potomacensis, and C.
pseudotripartitus) clearly dominate amongst the spores; however, many other taxa are also
present (Fig. 11.4-F4; Appendix Table 11.4-AT3).
Samples from Core U0047A-9R contain rare, broken, and unidentifiable spores,
which could be Cretaceous material introduced into the upper part of the paleosol during
weathering. Cores U0047A-10R to -12R (74.35‒95.44 mbsf) are barren of pollen and
spores.
Age and Terrestrial Paleoenvironment
The assemblages present do not occur in other sites from this expedition. The
diversity of gymnosperms in Cores U0047A-7R and -8R suggests an age older than Albian.
In addition, the common occurrence of Foraminisporis asymmetricus in Core U0047A-8R
(Fig. 11.4-F4) indicates an age younger than early Aptian (Vijaya, 1999).
The presence of diverse species of Cicatricosisporites in Core U0047A-8R and their
dramatic decrease in Core U0047A-7R is significant. According to Li and Liu (1994), the
first appearance datum of Cicatricosisporites coincides with the beginning of the
Cretaceous. Unfortunately, the lack of palynomorphs below Core U0047A-8R makes it
impossible to determine the timing of Cicatricosisporites appearance at this location;
however, the decrease in the abundance of the genus uphole suggests a significant change
in environmental conditions. Cicatricosisporites ferns are associated with freshwater marsh
vegetation (Raymond et al., 1995). Their abundance in Core U0047A-8R and decrease
uphole suggests a terrestrial vegetation transition from swampy conifer/fern forest to
drier conifer forest, which is supported by the increase in conifer pollen taxa in Core
U0047A-7R.
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Figure 11.4-F4. Photomicrographs of spores and pollen from Site U0047. Image A from
Sample U0047A-7R-1, 71-73 cm (43.11 mbsf). Images B, C, D, E, and F from Sample
U0047A-7R-CC, 12-15 cm (43.73 mbsf). Images G, H, and I from Sample U0047A-8R-CC, 6-9
cm (55.99 mbsf).

11.4.3 Paleomagnetism
The investigation of magnetic properties from the seven cores with sufficient
amounts of sediment collected at Site U0047 included the measurement of bulk
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susceptibility of whole-core and split-core sections and the natural remanent
magnetization (NRM) of archive-half sections (Appendix Table 11.4-AT4). Alternating field
(AF) demagnetization at 10 and 20 mT was conducted on all cores at 5-cm resolution. In
addition, Cores U0047A-11R and -12R were demagnetized at 25, 30, 35, 40, and 50 mT at
1-cm resolution in an effort to extract an inclination record for paleolatitude
determination. Stepwise AF demagnetization on 13 discrete samples was performed at
successive peak fields of 0, 5, 10, 15, 20, 25, 30, 35, 40, 50, and 60 mT to verify the
reliability of the split-core measurements (Appendix Table 11.4-AT5). Four samples
yielded excellent fits with principal component analysis (PCA; Kirschvink, 1980), having a
maximum angular deviation of <5° and four samples with an acceptable <10°. Thermal
demagnetization at 100°, 200°, 300°, 350°, 400°, 450°, 500°, 550°, 570°, 580°, 590°, 620°,
650°, and 680°C was performed on eight samples. Magnetic intensity below ~42 mbsf is
weak, which compromised the quality of the demagnetization behavior. The location of the
discrete samples taken at Hole U0047A is indicated in the inclination and declination
panels of Figure 11.4-F5. We cleaned the split-core data extracted from the LIMS database
by removing all measurements from within 5 cm of the section ends. Although the rotary
cores are fractured to varying degrees by the drilling process, there were no specific
intervals that needed to be removed from the measurements because they might have
caused problems with the magnetic measurements.
11.4.3.1 Natural Remanent Magnetization and Magnetic Susceptibility
The intensity of NRM after 20-mT demagnetization ranges from ~10-6 to ~10-1 A/m,
with a mean of 1.4 × 10-2 A/m before and 4.9 × 10-3 A/m after AF demagnetization (Fig.
11.4-F5). Within the diamict of Lithostratigraphic Unit I (<42.4 mbsf), the intensity is on
the order of 10-2 A/m (mean = 6.6 × 10-2 A/m); in the carbonaceous mudstones of
Lithostratigraphic Unit II the intensity decreases by one to two orders of magnitude to
~10-3 to ~10-5 A/m (mean = 1.8 × 10-3 A/m); and in the sandstones and carbonates of Unit
III the intensity has a mean of 4.3 × 10-4 A/m.
Despite the overall low magnetic intensities in Lithostratigraphic Units II and III, a
relatively stable magnetic component, which allows for the determination of magnetic
polarity, was preserved. A magnetic overprint with steep positive inclinations, which was
probably acquired during drilling, was usually erased by the 20-mT demagnetization step
(Fig. 11.4-F6); however, directions of the NRM show relatively large scatter in the weakly
magnetic lithologies below ~42 mbsf.
The demagnetization behavior of six discrete samples that yielded good PCA results
is illustrated in Figure 11.4-F6. Two samples from Lithostratigraphic Unit III (bottom of Fig.
11.4-F6) display very shallow inclinations and could not be successfully demagnetized in
alternating fields. Subsequent thermal demagnetization did not produce conclusive results
either (Fig. 11.4-F6, bottom); however, it helped to identify the carrier mineral of magnetic
remanence (Fig. 11.4-F7). Thermal demagnetization shows a near-linear decrease of
magnetic intensity between room temperature and ~500°C, above which the
demagnetization rate increases (Fig. 11.4-F7). All measured samples have Curie
temperatures (Tc) of 585°C, which suggests that the dominant magnetic mineral is pure
magnetite (Tc = 585°C). Minor substitution of other elements (e.g., Ti, Al, or Mg) decreases
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the Curie temperature of magnetite. No other sharp decrease in magnetization, which
would suggest that another mineral is contributing to the NRM, occurs. Therefore, it is
likely that very pure magnetite is the dominant carrier of remanence and susceptibility.

Figure 11.4-F5. Summary of paleomagnetic data and magnetostratigraphy at Site U0047.
Discrete sample locations are indicated in the declination and inclination columns by red
symbols. The polarity stratigraphic interpretation is given with black intervals
representative of normal polarity and striped intervals indicating no recovery. NRM
intensity, declinations, and inclinations prior to demagnetization are plotted with blue
symbols and after 20-mT demagnetization with green symbols.
Magnetic susceptibility measurements were made on whole cores from all three
holes as part of the Whole-Round Multisensor Logger (WRMSL) analysis and on split-core
sections using the Section-Half Multisensor Logger (SHMSL; see "11.5 Physical
Properties"). Magnetic susceptibility is consistent between the two instruments (Fig. 11.4F5) and in general parallel to the intensity of magnetic remanence. It varies between 2.2 ×
10-6 and 5.7 × 10-3 (SI volume units; Fig. 11.4-F5 first panel; split-core measurements are
offset by a factor of 10) with an average of 2.5 × 10-3 (SI volume units) in the diamict, 5.6 ×
10-5 in the underlying Cretaceous mudstones and shales, and 5.4 × 10-5 in
Lithostratigraphic Unit III.
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Figure 11.4-F6. Demagnetization results for four discrete samples. For each sample, the
plot to the left shows the vector end points of paleomagnetic directions on vector
demagnetization diagrams or modified Zijderveld plots (red squares are inclinations and
blue circles declinations), and the plot to the right shows the intensity variation with
progressive demagnetization. Those data outlined in black were used to compute mean
directions from principal component analysis.
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Figure 11.4-F7. Thermal demagnetization curves (top panel) of six samples from Cores
U0047A-11R and -12R. The decrease in magnetization at 585°C suggests that pure
magnetite is the dominant magnetic carrier. Magnetic susceptibility (bottom panel) shows
alteration of possibly clay particles into more susceptible material at around 450°C.
11.4.3.2 Magnetostratigraphy
Only magnetic inclinations were used for the magnetostratigraphic interpretation at
this site. The geomagnetic field at the latitude of Site U0047 (75.766°) has an expected
inclination of 82.8°, assuming a geocentric axial dipole field model, which is sufficiently
steep to determine magnetic polarity in RCB cores that lack horizontal orientation.
Despite the low recovery above the unconformity at 42.4 mbsf, magnetic
inclinations of split-core and discrete samples indicate that only the Brunhes Chron (C1n;
0‒0.781 Ma) is recorded. This is constrained by several diatom species, notably
Actinocyclus curvatulus (see section “11.4.2.3 Diatoms”). The normal polarity interval
between the lithological unconformities at 42.40 and 62.65 mbsf is constrained by
palynomorphs to the Aptian/early Albian and assigned to Superchron C34n (83.64–125.93
Ma). There is no biostratigraphic control below ~63 mbsf and the normal polarity intervals
of this part of the section can therefore not be assigned to any part of the geomagnetic
polarity time scale.
11.4.3.3 Paleolatitudes
Assigning even an approximate age to the sediments from Lithostratigraphic Unit III
is difficult because of the lack of biostratigraphic markers or other age-indicative features.
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The occurrence of massive, laminated, and especially oolitic limestones (see “11.3
Lithostratigraphy”) suggests formation of this unit at low, equatorial latitudes in a warm
shallow marine environment. Because this should be reflected in the magnetic inclinations,
we demagnetized Cores U0047A-11R and -12R at 1-cm resolution with the goal of
extracting a high-fidelity paleolatitude record of those intervals that were not affected by
remagnetization, alteration, or weak magnetic intensity. (Fig. 11.4-F8.).

Figure 11.4-F8A. Magnetic inclination record from principal component analysis,
paleolatitude, maximum angular deviation (MADev), magnetic intensity after 30-mT
demagnetization, and magnetic susceptibility measured on whole rounds from Core
U0047A-11R. Zero inclination and equatorial latitude are indicated by the red bar, presentday latitude by the green line in the latitude panel.
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Figure 11.4-F8B. Magnetic inclination record from principal component analysis,
paleolatitude, maximum angular deviation (MADev), magnetic intensity after 30-mT
demagnetization, and magnetic susceptibility measured on whole rounds from Core
U0047A-12R. Zero inclination and equatorial latitude are indicated by the red bar, presentday latitude by the green line in the latitude panel.
Principal component analysis yielded a shallow inclination with maximum angles of
deviation of ~5° and the occasional spike up to 15° for much of Core U0047A-11R and
significant parts of -12R. Shallow inclinations in Core U0047R-12R are restricted to
carbonate horizons and present-day inclinations (overprint) appear to be common in the
intervals between the carbonate horizons. This suggests that the carbonate-rich layers
were less affected by remagnetization processes than the clay-rich intervals. The associated
paleolatitudes are very low (Fig. 11.4-F8, second panel), which indicates formation of these
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sediments at or near an equatorial position. Since North America and Greenland were near
the paleoequator for much of the Paleozoic (Scotese and McKerrow, 1990), at around 600
Ma (Macouin et al., 2004) and 750 Ma (Torsvik et al., 1996) in the Neoproterozoic, and at
other earlier times such as around 1452 Ma in the Mesoproterozoic (Lubnina et al., 2010),
the rocks below the unconformity at 62.65 mbsf are probably of Proterozoic to Paleozoic
age. Given the similarities of the lithologies in Lithostratigraphic Unit III with the
Neoproterozoic Narssârssuk Group (Dawes, 1997) (see section “11.3 Lithostratigraphy”), a
Neoproterozoic age is most probable.
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11.5 Physical Properties
11.5.1 Overview
Physical properties were measured on seven cores and 20 discrete samples at Site
U0047 (Figs. 11.5-F1a, b). The physical properties of Lithostratigraphic Unit I (clast-poor
muddy diamict; 0.00–42.40 mbsf) are similar to those found at other Leg 344S sites. In
particular, there is a marked decrease in bulk density and P-wave velocity at ~0.7 mbsf,
with consolidated sediment of Last Glacial Maximum (~18 ka) age or older below the
transition and postglacial sediment above.
The physical properties of the Cretaceous carbonaceous mudstones and sandstones
found in Lithostratigraphic Unit II (42.20–62.65 mbsf) are characterized by cm- to dmthick mudstone intervals with low grain densities (<2.55 g/cm3), indicating they contain
variable amounts of low-density carbon (Fig. 11.5-F2), and cm-thick, low porosity (<12%)
sandstone, which result from the pore spaces being filled with Mg-calcite and/or silica
cement (Fig. U0047-11.5-F3).
Lithostratigraphic Unit III (below 62.65 mbsf) can be divided in two subunits based
on its physical properties. Between 62.65 and 82.08 mbsf grain densities indicate that
sediments are composed primarily of aluminosilicate minerals (e.g. 2.61–2.68 g/cm3) with
porosity and velocity characteristics similar to those of Unit II. Between 82.08 mbsf and the
base of the hole there is a marked decrease in porosity, with values consistently <15%, a
corresponding increase in P-wave velocity to >3500 m/s and slightly higher grain densities
(2.69-2.87 g/cm3). This is caused by the presence of Mg-calcite and dolomite rocks that
dominate in this interval of the hole. The distinct red coloration of some of the rocks in this
interval is similar to material recovered in the lower-most core at Site U0080 (Core U008042R).

11.5.2 Measurements and Data Analysis
11.5.2.1 Whole Round Measurements
Measurements with the Whole-Round Multisensor Logger (WRMSL) were obtained
at 2.5 cm intervals for gamma ray attenuation (GRA) wet bulk density and magnetic
susceptibility (MS) for Core U0047A-1R and cores below -7R (Appendix Table 11.5-AT1).
Cores U0047A-2R to -7R contained only washed gravel clasts, which were not measured.
Natural gamma radiation was measured at 10 cm intervals in the same sections. P-wave
velocity (Vp) measurements were made on the WRMSL only on Core U0047A-1R, where
sediment completely filled the core liner. The GRA density and MS data were cleaned to
remove spurious points caused by voids in the core and section breaks, and the GRA
density data were corrected for the core diameter variations as described in section “2.5
Physical Properties”.
The mean GRA bulk density value is 1.94 ± 0.16 g/cm3 for Lithostratigraphic Unit I,
2.18 ± 0.23 g/cm3 for Lithostratigraphic Unit II, and 2.43 ± 0.17 g/cm3 for
Lithostratigraphic Unit III. The natural gamma ray counts per second for Unit I (51 ± 7 cps)
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are slightly lower than the values in Unit II (57 ± 27 cps), and Unit III (69 ± 32 cps). The
dolostones and chert, present in Lithostratigraphic Unit III, have low natural gamma ray
emission (<30 cps) relative to the siltstones and sandstones (>60 cps) in the same unit.
The mean magnetic susceptibility of Unit I is 2.55×10-3 SI, two orders of magnitude
higher than the mean of Lithostratigraphic Unit II (5.98×10-5 SI), and Unit III (4.83×10-5 SI).
The values of magnetic susceptibility observed at Site U0047 are low relative to other
Expedition 344S sites.

Figure 11.5-F1A. Physical properties summary for Site U0047. Downcore measurements of
bulk density (GRA = data from Whole-round Multisensor Logger), grain density, P-wave
velocity and porosity. Grain density values typical of common aluminosilicate minerals and
calcite are shaded green. Coal ranges are indicated in the shaded black area. Values
associated with increasing Fe, Mg, and Ca carbonate cements (typically dolomite) are
shaded blue.
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Figure 11.5-F1B. Physical properties summary for Site U0047. Downcore measurements of
magnetic susceptibility, natural gamma radiation, and color parameters L*a*b*. Grain
density values typical of common aluminosilicate minerals and calcite are shaded green.
Coal ranges are indicated in the shaded black area. Values associated with increasing Fe,
Mg, and Ca carbonate cements (typically dolomite) are shaded blue.
11.5.2.2 Split Core Color Spectroscopy
Color reflectance was measured at a resolution of 2.5 cm (Fig. 11.5-F1b; Appendix
Table 11.5-AT2). In Lithostratigraphic Unit I the mean value for lightness is 36.54 ± 6.50.
The strong dispersion in the values of a* and b* is mainly caused by the changes in color of
the washed clasts and not representative of the diamict itself. Lithostratigraphic Unit II has
darker colors with a mean L* of 27.61 ± 7.62. The mean redness of this unit (4.19 ± 1.79) is
higher than in the other two (Unit I: 2.02 ± 1.53, Unit III: 2.23 ± 1.53), but the perception of
this color is not as accentuated as in some cores of Lithostratigraphic Unit III (Fig. 11.5-F4).
This is caused by the combined effects of negative blueness and positive redness in Unit II
(b* = -9.28 ± 4.03, a* = 4.19 ± 1.79) versus the positive redness and slightly higher values
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for blueness found for Unit III (a* = 2.23 ± 1.53, b* = 0.60 ± 2.89) that are perceived as a
darker red.
11.5.2.3 Discrete Sample P-wave Velocity Measurements
No discrete P-wave measurements were made in Lithostratigraphic Unit I because
the only lithified material recovered from this interval was washed gravel clasts. Discrete
samples from Lithostratigraphic Unit II (5 cubes of 8 cm3 volume) and Unit III (14 cubes)
were used for velocity and for moisture and density (MAD) measurements (Table 11.5-T1).
P-wave velocities on discrete cubes were measured twice, right after splitting and
again after 24 hours of degassing and seawater saturation inside a vacuum chamber. The
low saturated gas content of these samples (see “11.5 Geochemistry”) resulted in no
difficulties with micro-fracturing, unlike at Site U0061 (see section “10.5 Physical
Properties”), and there is no statistical difference in velocity between pre- and postsaturation velocities for either vertical (z) or horizontal (x, y) axes. None of these velocity
measurements have been corrected to in situ temperature and pressure conditions.
Site U0047 contains a diverse range of lithologies and degrees of cementation,
which causes the wide range of P-wave velocities recorded. Seven discrete samples were
recorded in sandstones, four of which were cemented. The mean velocities averaged over
all 3 axes are 2680 ± 90 m/s for the uncemented samples and 3800 ± 430 m/s for the
cemented samples. The velocity anisotropy is small (0% to 7%), consistent with the lack of
a well-developed horizontal fabric in these samples. Mudstone samples follow a similar
pattern, in which three out of five samples were cemented and have higher velocities (3740
± 570 m/s) than the non-cemented ones (2750 ± 40 m/s). Anisotropy within mudstone
samples shows the vertical (z) direction is 4% to 12% slower than the horizontal directions
(x, y), which are very similar. Siltstones have on average higher velocities (3650 ±
740 m/s), again reflecting their low porosity because of cementation. Only one dolostone
sample was measured with an average velocity of 6030 m/s. Two chert samples were
measured with P-wave velocities of 4560 and 4430 m/s.
Table U0047-11.5-T1. Summary of MAD and P-wave values for the different lithofacies.

11.5.2.4 Moisture and Density (MAD) Measurements
The same 19 samples used for velocity measurements were also used for moisture
and density. These samples were indurated enough to be saturated with seawater under
vacuum. One additional sample was collected from soft sediment in Core U0047A-1R using
a syringe and wet mass was measured immediately following sampling. Wet mass, dry
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mass, and dry volume were measured, and from these measurements, percentage water
weight, porosity, dry density, bulk density, and grain density were calculated (Table 11.5T1, Appendix Table 11.5-AT4).
Similar to other Expedition 344S sites, in particular Site U0080 (see “5.5 Physical
Properties”), low (<2.55 g/cm3) grain densities within Lithostratigraphic Unit II are caused
by the presence of carbon, as indicated by the high (>5%) total organic carbon (TOC)
content of samples from this interval (see “11.6 Geochemistry”) and the analysis of thin
sections (Figure-11.5-F2).
Five mudstone samples have a mean porosity of 14.6% ± 2.7% and a mean grain
density of 2.63 ± 0.09 g/cm3. The seven sandstone samples exhibit a wide span of porosity
values, ranging from 7.4% to 20%, and grain density ranging from 2.39 g/cm3 to
2.75 g/cm3, indicating that pore space is typically filled with varying amounts of carbonate
cements. Four siltstone samples were processed and these have an average porosity of
14% ± 6%. The dolostone yielded a porosity of 6.2% and a grain density of 2.84 g/cm3,
close to the 2.86 g/cm3 of pure dolomite (Fig. 11.5-F4). Two chert discrete samples have
porosities of 12% and 20% and grain densities of 2.82 and 2.85 g/cm3.

Figure 11.5-F2. Thin section micrographs of quartz sandstone with a coal matrix. Organic
matter is most highly oxidized, refractory material (black) with a few woody fragments
(brown).

11.5.3 Downhole Trends in Physical Properties
11.5.3.1 Lithostratigraphic Unit I
Lithostratigraphic Unit I (0 to 42.40 mbsf) consists of biosiliceous mud and clastpoor muddy diamict. Within this unit there is a marked decrease in bulk density and Pwave velocity from 1.8 g/cm3 and 1560 m/s to 1.55 g/cm3 and 1500 m/s at ~0.7 mbsf. This
transition separates over-consolidated sediment (of Last Glacial Maximum, ~18 ka) age or
older below from postglacial sediment above.
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11.5.3.2 Lithostratigraphic Unit II
The physical properties of Lithostratigraphic Unit II predominantly reflect: (1) the
relative abundance of carbon (e.g., coal) mixed with aluminosilicate mudstone and
sandstone, (2) the influence of Mg-calcite and silica cement and, (3) an increase in the
abundance of K-bearing clay minerals with depth. The presence of low-density carbon is
the cause of low grain densities in this unit, in particular in Core U0047A-8R-3 (Fig. 11.5F2). Pore-filling cement reduces porosity from background levels (~20%) to <12% in cmthick sandstone layers and results in high P-wave velocities. The relatively low grain
density of these samples (2.6 g/cm3) suggests it is silica and/or Mg-calcite rather than the
high-density siderite cement that predominates at other Expedition 344S sites.
From Core U0047A-8R to the bottom of this unit (Section U0047A-9R-1) a decrease
in natural gamma radiation with depth suggests a reduced abundance of potassiumbearing clay minerals, consistent with an increasing mean grain size (see “11.3
Lithostratigraphy”).

Figure 11.5-F3. Thin section micrograph of dolomitic rock with cristobalite and
cryptocrystalline quartz. 10x magnification (a) plane-polarized light (b) cross-polarized
light.
11.5.3.3 Lithostratigraphic Unit III
The physical properties of Lithostratigraphic Unit III are dominated by a change in
lithology near the top of Core U0047A-11R at 82.08 mbsf. Between the top of
Lithostratigraphic Unit III at 62.65 mbsf and 82.08 mbsf, sediment is dominated by
interbedded aluminosilicate mudstone, sandstone, and conglomerate. Below this depth
sediment is predominantly dolostone. The aluminosilicate sediments are relatively porous
(mean 17% ± 3%) and P-wave velocities are moderate (Vp(z) = 2770 ± 180 m/s). The grain
density throughout this interval shows very little scatter (mean 2.66 ± 0.03 g/cm3) and lies
within the range of many common aluminosilicate minerals. The natural gamma ray
radiation increases (from <50 cps to >100 cps) in this interval. This increase in gamma
radiation is associated with an increase in finer-grained lithologies that usually contain
more radioactive K-bearing minerals.
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Figure 11.5-F4. Detailed view of Section U0047A-12R-1 with color parameters. Major color
areas are shaded.
Between 81.57 and 95.47 mbsf sediment is dominated by carbonate lithologies. The
porosity is low (mean 12 ± 4%) with a minimum value of 6% at 92.78 mbsf corresponding
to a dolostone layer. P-wave velocity is correspondingly much higher throughout this
interval (mean 4140 ± 660 m/s) with no values below 3200 m/s, well above the predrilling prediction of 2700 m/s. Natural gamma radiation shows an average value for this
interval of 54 ± 34 cps. This low value is partially due to the presence of the dolostones and
chert, which have low natural gamma radiation (<30 cps) relative to the siltstones and
sandstones (>60 cps).
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There is a notable distinct red coloration to some of the rocks in this unit that is
similar to material recovered in the lower-most core at Site U0080 (Core U0080A-42R). In
Figure 11.5-F4 we show a detailed view of the color parameters for Section U0047A-12R-1.
The intense red color observed from 91.6 to 91.85 mbsf is marked by an increase in a*
values and a darkening expressed by lower L* values. The b* values present a similar trend
to the middle part of the section, ranging from -1 to -4. The gray dolostone present in the
middle of the core shows higher lightness values (>45) and small ranges for a* and b*. The
relatively high value for a* is an expression of the pinkish color, while the slightly negative
blueness value is caused by the gray gradient of this lithology. At the bottom of this section
an increase in b* moving into yellow colors combined with the increase in red and a
moderate value of L* are the result of a slightly more orange tone in the sandy siltstone.

11.5.4 Two-way Travel Time (TWT) from P-wave Velocity
P-wave velocities measured at discrete depth intervals were used to calculate the
vertical travel time in the hole between sample depths (Fig. 11.5-F5). Our time vs. depth
calculation is based on the Vp (z-axis) measurements only. No P-wave velocities were
obtained from the cored intervals containing only washed gravels (U0047A-2R to -6R).

Figure 11.5-F5. Cumulative Vp (z-axis) TWT vs. depth. The red line shows the cumulative
velocity profile constructed from discrete velocity measurements excluding cemented
samples, compared with the pre-drilling velocity estimate of 2700 m/s shown in black. The
dashed line denotes Quaternary diamict where we have assumed a velocity of 2310 m/s in
the absence of direct measurements.
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Therefore, we have used the average velocity for Quaternary diamict recovered at Site
U0110 (2310 m/s) to characterize the interval between 1.25 and 42.8 mbsf. Unlike at other
Expedition 344S sites, the velocities at site U0047 are consistently well above the predrilling prediction of 2700 m/s below 82.08 mbsf. This results in our TWT reconstruction
intersecting the pre-drilling depth pick at the base of the hole. Consequently, seismic
reflectors below the base of the hole will be at greater depth than originally predicted
should these higher velocities persist.

11.5.5 References
Jarrard, R.D. and Kerneklian, M.J., 2007. Data report: physical properties of the upper
oceanic crust of ODP Site 1256: multisensor track and moisture and density measurements.
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11.6 Geochemistry
Shipboard organic geochemical studies of cores from Site U0047 included
monitoring of hydrocarbon gases, measuring total carbon, carbonate carbon, total organic
carbon, and total nitrogen contents, and characterizing organic matter by pyrolysis assay.
Procedures are summarized in “Chapter 2. Methods” (see section “2.6 Geochemistry”).

11.6.1 Hydrocarbon Gases
Where possible cores from Hole U0047A were monitored for gaseous hydrocarbons
by the headspace (HS) gas technique. A total of seven HS samples were analyzed using the
GC3 system and the data are reported are in parts per million by volume (ppmv) (Table
11.6-T1; Fig. 11.6-F1). Due to poor recovery, no samples could be taken from Cores
U0047A-2R to -6R. Headspace methane concentrations were low in all samples with a
maximum of 10 ppmv in Core U0047A-7R. Ethane and the higher hydrocarbons were
absent in all samples.

Figure-11.6-F1. Hydrocarbon gases from Hole U0047A. Concentrations of methane (in
ppmv) for Hole U0047A. Black bars on the left indicate recovery for each core.
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Table-11.6-T1. Headspace gas concentrations from Site U0047 measured by the GC3.

11.6.2 Carbon and Nitrogen Analyses
Inorganic carbon (IC), total carbon (TC), total organic carbon by difference
(TOCCHNS), and total nitrogen (TN) were analyzed in 19 sediment samples from Hole
U0047A (Table 11.6-T2; Fig. 11.6-F2). Due to poor recovery, no samples could be taken
from Cores U0047A-2R to -6R (9.5–42.4 mbsf).

Figure-11.6-F2. Total Organic carbon and CaCO3 from Hole U0047A. Total organic carbon
content (wt%, black line) and calcium carbonate content (wt%, blue line) for a selected
number of samples at Hole U0047A. Black bars on the left indicate recovery for each core.
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At Hole U0047A, carbonate content is variable with increased carbonate content
(>20 wt%) in Cores U0047A-7R and -8R as well as in the lower part in Cores U0047A-11R
and -12R. Organic carbon content is low (<2 wt%) throughout most of Hole U0047A. The
main exceptions are Cores U0047A-7R and -8R, consisting of black shales alternating with
carbonate-rich intervals, which have a maximum organic carbon content of 14 wt%. The
black shales in the upper part of Section U0047A-9R-1 were not sampled, but Sample
U0047A-9R-1, 79-81 cm contained very little organic carbon and carbonate, probably
indicating the transition to a different lithostratigraphic unit. The organic carbon content of
black shale intervals at Site U0047 is higher relative to those of Sites U0070, U0082, U0083,
and U0100 and is comparable to that of (the lower part of) Site U0080, in agreement with
the similar age (Aptian(?)–Albian).
Table-11.6-T2. Carbon and elemental analyses from Site U0047.

The nitrogen content varies from 0.16 to 0.33 wt%. The C/N ratios at Site U0047
vary from 1 to 6 for the intervals with low organic carbon content, consistent with a marine
algae source for the organic matter. The black shales in Cores U0047A-7R and 8R have
much higher C/N ratios (up to 40) as seen at most other sites. The high C/N ratios at Site
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U0047 are comparable to those determined for the organic rich intervals at Site U0110 and
U0080. The high C/N ratios do not necessarily indicate a land plant organic matter source
(see discussion about C/N ratios of Site U0082 in section “9.6.2 Carbon and Nitrogen
Analyses”).

11.6.3 Organic Matter Pyrolysis
A total of 19 samples from Hole U0047A were characterized by SRA pyrolysis (Table
11.6-T3). The organic carbon content estimate obtained using SRA pyrolysis is in relatively
good agreement with the results of the carbon and elemental analyses. The TOC from SRA
is about 75% of the TOC by difference from the elemental and carbonate analyses.
Due to poor recovery, no samples could be taken from Cores U0047A-2R to -6R.
Only Cores U0047A-7R and -8R contain significant amounts of organic carbon. Cores
U0047A-11R and -12R contain little organic matter, have increased levels of carbonate
(which biases the Tmax and oxygen index values), and have erratic pyrolysis response. In
addition, a major unconformity at ~62.6 mbsf implies that rocks from the lower part of
Hole U0047A are much older than Cretaceous. Therefore, the following discussion refers
only to the Cretaceous samples from Cores U0047A-7R and -8R.
Table-11.6-T3. Pyrolysis (SRA) evaluation of organic matter from Site U0047
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The oxygen index (OI) values in Cores U0047A-7R and 8R are low (3 and 22 mg
CO2/g TOC). The hydrogen index (HI) values are also low and range from 42 to 76 mg HC/g
TOC. The plot of HI vs. OI (Fig. 11.6-F3) shows that Cretaceous samples from Hole U0047A
contain organic matter with pyrolysis response that is consistent with marine Type II/inert
kerogen. The Tmax values of the black shales average 434°C somewhat higher than observed
at other Expedition 344S sites. The correlation of Peters et al. (2005) gives an estimate of
vitrinite reflectance of about 0.65%, indicating that the sediments previously have
undergone sufficient burial to initiate the early stages of hydrocarbon generation. The
production index (PI) values (0.02–0.03) are lower than would be expected for the
apparent degree of thermal maturity. Empirical Tmax vs. depth correlations suggest burial
depth of 1.8-2 km for continuously subsiding sediments with thermal gradients in the
range of 30–40°C/km. The seismic profiles indicate that burial for Site U0047 sediments
was about 1.5 km deeper than sediments cored at Site U0070.

Figure-11.6-F3. Hydrogen index vs. oxygen index from Hole U0047A. Roman numerals I-III
indicate different types of kerogen.

11.6.4 References
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12.1 Site Summary
12.1.1 Highlights
Site U0065 (75° 43.6800’N, 66° 4.5178’W, 605.2 m water depth) was a primary
target that was cored to a total depth of 198.5 mbsf with 152.53 m of recovery (77%
recovery). Coring was stopped at this site due to the high methane gas concentrations,
which exceeded 200,000 ppmv in two consecutive core, with a high 358,000 ppmv. The
core recovered was once again very valuable in helping complete the stratigraphic section
in Melville Bay, with the Site U0065 cores filling in part of the Cenomanian section not
sampled by coring at other holes. Highlights for this site include:








Determining that the primary lithologies in the Cretaceous section are carbonaceous
claystones and mudstones, which are interbedded with muddy siltstones and minor
intraformational sandstones and conglomerates.
Estimating the age of the sediments underlying the diamicts as Cenomanian (~96–
98 Ma) from the presence of dinoflagellates, pollen, and spores.
Finding that no apparent Tertiary section underlies the Quaternary glacial
sediments, and that the unconformity at ~35.25 mbsf is a glacial erosion surface,
with a hiatus of about 90 m.y.
Reconstructing the paleoenvironmental setting from sedimentological,
paleontological, and geochemical evidence to conclude that Site U0065 was located
low energy prodeltaic marine setting.
Characterizing seismic velocity, porosity, and density of the rock units.
Confirming that very high concentrations of biogenic methane gas, accompanied by
the higher hydrocarbons, ethane and hexane, occur in the organic-rich units beneath
the glacial sediment.
Estimating that the Cretaceous rocks have excellent petroleum source potential, are
relatively immature with respect to hydrocarbon generation, and had a maximum
burial depth of <1 km.

12.1.2 Background and Objectives
Site U0065 was originally denoted as part of the Site 4 region in the GEMS
Geophysical Report (GEMS International Group of Companies, 2011, unpublished report),
as Site USC065 prior to the start of BBSCP, and, once coring began, as Site U0065 to comply
with site-naming conventions commonly used on the JOIDES Resolution. The site is located
on the northwest Greenland continental shelf, at the southeast end of the Kap York Basin
and near the western edge of the Melville Bay Graben (Figs. 12.1-F1 and 12.1-F2). The
seismic reflection profiles across the site show a flat-lying sequence of younger sediments,
interpreted prior to the expedition as Quaternary glacial sediments, overlying a southerly
dipping sequence of pre-Quaternary strata (Fig. 12.1-F3).
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Figure 12.1-F1. Structural elements of Melville Bay area (after Whittaker et al., 1997).
The site was originally planned to penetrate ~30 m of Quaternary sediment and then
focus on recovering ~270 m of pre-Quaternary sediments, which were thought to be
Tertiary to Cretaceous age. The primary objectives for coring were to:




Obtain stratigraphic information about the cored section, with a focus on the
lithologies, ages, and paleoenvironmental settings;
Estimate potential source rock characteristics;
Determine the physical properties of the rock units for evaluating potential
reservoir properties and improving seismic velocity models (depth vs. time curves).
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Figure 12.1-F2. Site location with bathymetry and seismic lines.

Figure 12.1-F3. Crossing seismic reflection profiles through Site U0065.
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12.1.3 Coring Summary
A single RCB hole was cored to a total depth of 198.50 mbsf at Site U0065 (Table
12.1-T1). In total, 152.53 m of core were recovered from the 21 cores collected from Hole
U0065A, for an average core recovery of 77% (Tables 12.1-T1 and -T2). The average rate of
penetration was 6.6 m/hr. Additional coring statistics are provided for the hole, cores, and
sections in Tables 12.1-T1 and -T2, and Appendix Table 12.1-AT1, respectively.
Table 12.1-T1. Hole summary for Site U0065.

Table 12.1-T2. Core summary for Site U0065.

12.1.4 Science Results
12.1.4.1 Lithology
Two lithostratigraphic units are defined at Site U0065 (Fig. 12.1-F4).
Lithostratigraphic Unit I consists solely of gravel with very minor amounts of occluded mud
barren of microfossils. Based on their stratigraphic position, the rock fragments comprising
Unit I are interpreted as a drilling-washed concentrate of large clasts from a sub-glacial
diamict
12.1-4

Chapter 12. Site U0065
12.1 Site Summary

12.1-5

Proceedings of the Baffin Bay
Scientific Coring Program

Chapter 12. Site U0065
12.1 Site Summary

Proceedings of the Baffin Bay
Scientific Coring Program

Lithostratigraphic Unit II (35.25–197.87 mbsf) consists of carbonaceous claystones
and mudstones interbedded with muddy siltstones and minor sandstones and intraclast
conglomerates that display parallel to ripple cross lamination, both normal and reverse
grading, scours and convolute bedding features. These sediments are interpreted as prodeltaic deposits in generally well-stratified water periodically disrupted by stormgenerated currents and hyperpycnal flows.
12.1.4.2 Ages
Lithostratigraphic Unit I (0‒35.25 mbsf) of Hole U0065A is likely Quaternary in age
based on stratigraphic position. No biostratigraphic or magnetostratigraphic data were
obtained from this interval as only washed pebbles and cobbles were recovered.
In Lithostratigraphic Unit II, from 35.25 mbsf to the bottom of the hole (198.50
mbsf), age control is provided by palynomorphs that indicate a late Cenomanian succession
(Fig. 12.1-F4). Taxa that provide this age determination include Cauveridinium
membraniphorum, Isabelidinium magnum, and Trithyrodinium suspectum. A Cenomanian
age is also suggested by a diverse pollen and spore assemblage, and a moderately
preserved assemblage of calcareous nannofossils. This is consistent with the observed
normal magnetic polarity and assignment to the Cretaceous Long Normal Polarity interval
(Superchron C34n; 83.64‒125.93 Ma).
12.1.4.3 Facies and Paleoenvironmental Setting
The stratigraphic succession of Hole U0065A was divided into five lithofacies with
distinct sedimentological characteristics indicative of their depositional environment (see
“12.3 Lithostratigraphy”). Cobble and pebble-sized gravel of gneiss, granite and
sedimentary rocks (Facies 1) represents the Quaternary sedimentation. These rocks are
interpreted as a drilling-washed concentrate of clasts from a sub-glacial diamict.
The suite of organic-rich, claystone- to siltstone-dominated lithologies (Facies 2 to
5) of late Cenomanian age (see “12.4 Chronostratigraphy”) that comprise Unit II indicate
deposition in a prodeltaic marine setting, which generally experienced low energy
conditions below storm wave base. Absence of bioturbation structures and in situ benthic
fossils suggests poorly oxygenated, possibly anoxic bottom water. Episodic deposition of
packages that contain coarser silicilastic material and abundant terrestrial organic matter
is likely related to flood-driven hyperpycnite flows, assisted by storm-driven mixing of the
water column. Unit II records two orders of variability. The first is decimeter- to meterscale interbedding of carbonaceous black mud/claystones with graded and layered silt-,
sandstones sometimes with conglomeratic bases. The second is decimeter-scale variations
in the frequency of the graded coarser-grained deposits. The latter is represented by an
elevated frequency of siltstone facies in the middle to lower part of the unit. Intraclastbearing sandstones and conglomerates are most frequent in the lower part of Hole U0065A
indicating a long-term change in the intensity of the forcing mechanism, water depth,
and/or proximity to the source of these clasts.
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12.1.4.4 Physical Properties
The physical properties of the Cretaceous carbonaceous mudstones and sandstones
found in Lithostratigraphic Unit II (35.25 to 198.5 mbsf) are characterized by a narrow
range of grain densities (2.66 ± 0.03 g/cm3), porosities (19 ± 1%) and P-wave velocities
(Vp(z) 2470 ± 80 m/s, Vp(x) 2760 ± 110 m/s), with the exception of cm-thick siderite
cemented layers (Fig. 12.1-F4).
No large-scale trends are evident, however, significant decimeter to meter scale
cycles in magnetic susceptibility, natural gamma radiation and bulk density are apparent
throughout the hole. These cycles reflect different stages of terrestrial siliciclastic and
organic sediment input possibly corresponding to major flood events, culminating in
siltstone horizons that are often siderite cemented. Thin, cm-scale, cemented siltstone beds
are characteristic of all Cretaceous units recovered on Expedition 344S (e.g., section “6.5
Physical Properties”); however, enrichment in uranium-bearing organic material, as
reflected in enhanced natural gamma radiation, immediately preceding deposition of the
silt layers appears to be a prominent feature only at Site U0065.
12.1.4.5 Geochemistry
Gas content at Site U0065 was very high in the Cretaceous material with a maximum
value of 398,674 ppmv (Fig. 12.1-F4). These high methane concentrations were
accompanied by the presence of the higher hydrocarbons (ethane to hexane).
Methane/ethane ratios rapidly decreased in the lower part of Hole U0065A, indicative for
localized migration of thermogenic hydrocarbons that have mixed with the microbial
methane gas. Besides a few short intervals, carbonate content at Hole U0065A is low and
organic carbon content moderate (1–8 wt%). Organic matter characteristics indicate a
marine source for the Cretaceous rocks from Site U0065 (Fig. 12.1-F4). These rocks have
excellent petroleum source potential, are immature with respect to hydrocarbon
generation, and had a maximum burial depth of less than 1 km.

12.1.5 References
Whittaker, R.C., Hamann, N.E., and Pulvertaft, T.C.R., 1997. A new frontier province offshore
northwest Greenland: structure, basin development, and petroleum potential of the
Melville Bay area. American Association of Petroleum Geologists Bulletin, 81, 978–998.
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12.2 Operations
12.2.1 Transit to Site U0065
The JOIDES Resolution (JR) departed Site U0070 at 0230 hrs on 21 September 2012
after completing logging operations, on route for Site U0065 (Fig. 12.2-F1). We arrived
near Site U0065 at 0400 hrs on 21 September, but the presence of growlers and anticipated
passage of two icebergs near the site kept us from commencing coring operations
immediately.

Figure 12.2-F1. Location map of sites cored during the Baffin Bay Scientific Coring Program.

12.2.2 Site U0065 Operations
Operations at Site U0065 began at 1405 hrs on 21 September 2012, after
approximately six hours of waiting on ice (WOI). Operations for the first 4.5 hours on site
included lowering the thrusters, deploying the Fugro SeaBird to collect water column data,
making up the bottom-hole assembly (BHA), and tripping pipe down to near the seafloor.
The vibration-isolated television (VIT) was then lowered to conduct a seabed biota survey.
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These and other Site U0065 operations are listed in chronological order in Table 12.2-T1
and illustrated in Figure 12.2-F2.

Figure 12.2-F2. Planned and actual operations at Site U0065.
Hole U0065A was spudded with the rotary core barrel (RCB) system at 1805 hrs on
21 September 2012. After coring to 17.2 mbsf (Cores U0065A-1R and -2R), we deployed a
free-fall funnel (FFF) as a precaution, even though ice was not threatening the site at this
time. Coring then proceeded rather uneventfully down to Core U0065A-15R (131.1–140.8
mbsf) when the average headspace gas in Core U0065A-14R (121.5–131.1 mbsf) was
reported as 255,000 parts per million by volume (ppmv). Coring was suspended while
awaiting the headspace results from Core U0065A-15R, during which time the VIT was
lowered to check the hole for signs of outflow. None was observed, so coring resumed
when the headspace measurement from Core U0065A-15R indicated a drop to 125,000
ppmv.
Coring continued to 198.5 mbsf (Core U0065A-21R), when the headspace gas
measurement from Core U0065A-20R (179.2–188.8 mbsf) was 358,000 ppmv. Coring was
again suspended to await headspace results for two samples from Core U0065A-21R,
although at the same time two icebergs began to encroach on the drill site. When one
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reached the red zone, we began to pull out of the hole to avoid the approaching ice. While
pulling out of the hole, results from the headspace analyses of Core U0065A-21R yielded
161,000 ppmv for the first sample and 398,000 ppm for the second, for an average of
280,000 ppmv, which resulted in termination of coring in Hole U0065A. Due to the
approaching icebergs, the JR moved to a new drill site and returned at a later date to plug
Hole U0065A with heavy mud. The pipe was tripped to the surface and the vessel secured
for transit, with the JR departing Site U0065 at 2018 hrs on 23 September 2012.
After coring was suspended at Site U0021 due to encroaching ice, the vessel
returned to Site U0065 at 1930 hrs on 24 September 2012. After lowering the thrusters
and making up the BHA, the drill string was lowered to near the seafloor and the VIT
deployed. We observed no signs of outflow from the hole prior to reentry at 2240 hrs on 24
September. The drill string was run down to 185.3 mbsf and the hole plugged with 40
barrels of 10.5 pounds per gallon (ppg) mud. The hole was again observed for signs of
outflow with the VIT. When no outflow or bubbles were identified, the VIT was recovered
and the drill string tripped to the surface. Operations at Site U0065 ended at 0230 hrs on
25 September 2012.
Table 12.2-T1. Site U0065 operations.
Date

Time (hrs)

Hours

Location

Activity
Underway for Site U0065 at 0230 hrs. End sea voyage at
0400 hrs. This was short of site coordinates due to growlers
in area and anticipated passage of two icebergs projected to
cross over drill site.

21-Sep-12

0230-0400

1.50

Transit

21-Sep-12

0400-0430

0.50

Hole U0065A

Lower thrusters.

21-Sep-12

0430-0830

4.00

Hole U0065A

Switch to DP mode at 0434 hrs. WOI. Moving vessel slowly
and intermittently toward site coordinates.

21-Sep-12

0830-1000

1.50

Hole U0065A

Make-up RCB BHA, space out core barrels, and lower drill
string to 85.0 mbrf.

21-Sep-12

1000-1200

2.00

Hole U0065A

WOI. Resume moving vessel in DP mode closer to drill site
while waiting on ice to clear.

21-Sep-12

1200-1315

1.25

Hole U0065A

WOI. DP to site coordinates.

21-Sep-12

1315-1400

0.75

Hole U0065A

Lower drill string to 600 mbrf while continuing to DP to site.

21-Sep-12

1400-1500

1.00

Hole U0065A

On site at 1405 hrs. Deploy Fugro SeaBird to obtain water
column data.

21-Sep-12

1500-1715

2.25

Hole U0065A

Deploy VIT and conduct seabed survey.

21-Sep-12

1715-1745

0.50

Hole U0065A

Space out drill string and prepare to spud hole.

21-Sep-12

1745-1800

0.25

Hole U0065A

Recover VIT.

21-Sep-12

1800-2200

4.00

Hole U0065A

Spud Hole U0065A at 1805 hrs. Establish seafloor depth at
616.7 mbrf. RCB core. Cut and recover Cores 1R and 2R to
17.2 mbsf (633.9 mbrf).

21-Sep-12

2200-2245

0.75

Hole U0065A

Rig-up and deploy FFF.

21-Sep-12

2245-2400

1.25

Hole U0065A

Resume RCB coring. Cut Core 3R to a depth of 19.3 mbsf
(636.0 mbrf).
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Date

Time (hrs)

Hours

Location

Activity

22-Sep-12

0000-1200

12.00

Hole U0065A

Continuous RCB coring. Cut and recover Cores 3R through 6R
to a depth of 54.4 mbsf (671.1 mbrf). Currently cutting Core
7R at a depth of 62.8 mbsf (679.5 mbrf).

22-Sep-12

1200-2400

12.00

Hole U0065A

Continuous RCB coring. Cut and recover Cores 7R through
12R to a depth of 111.9 mbsf (728.6 mbrf). Currently cutting
Core 13R at a depth of 116.3 mbsf (733.0 mbrf).

23-Sep-12

0000-0400

4.00

Hole U0065A

Continuous RCB coring. Cut and recover Cores 13R through
15R to a depth of 140.8 mbsf (757.5 mbrf). Average methane
gas volume for Core 14R was 255k ppmv.

23-Sep-12

0400-0430

0.50

Hole U0065A

POOH with top drive to 53.3 mbsf (670.0 mbrf). Waiting on
headspace gas analysis from Core 15R.

23-Sep-12

0430-0515

0.75

Hole U0065A

Deployed VIT to check for any outflow or gas bubbles while
waiting on headspace analysis. Nothing observed. Recover
VIT. Average volume of methane in Core 15R dropped to
125k ppmv.

23-Sep-12

0515-0600

0.75

Hole U0065A

Wash/ream to TD at 140.8 mbsf (757.5 mbrf).

Hole U0065A

RCB coring. Cut and recover Cores 16R through 21R to 198.5
mbsf (815.2 mbrf). Methane level high again in Core 20R
(358k ppmv). Suspend coring while waiting on average of 2
samples taken from Core 21R and because of approaching
icebergs.

23-Sep-12

0600-1630

10.50

23-Sep-12

1630-1945

3.25

Hole U0065A

Red zone reached. POOH with top drive to 578.0 mbrf to
avoid approaching ice. Receive headspace results for Core
21R. First sample was 161k ppmv and second was 398k
ppmv. Average of 280k ppmv for second successive core
caused termination of coring in Hole U0065A. Clear seafloor
at 1715 hrs. Rack top drive and POOH. Bit clear of rotary
table at 1935 hrs.

23-Sep-12

1945-2000

0.25

Hole U0065A

Secure rig for transit.

23-Sep-12

2000-2015

0.25

Hole U0065A

Raise thrusters and hydrophones.

24-Sep-12

1715-1945

2.5

Transit

24-Sep-12

1945-2000

0.25

Hole U0065A

Lower thrusters/hydrophones.

24-Sep-12

2000-2145

1.75

Hole U0065A

Make-up RCB BHA, space out core barrels, and lower drill
string to 429.0 mbrf.

24-Sep-12

2145-2200

0.25

Hole U0065A

Deploy VIT.

24-Sep-12

2200-2230

0.5

Hole U0065A

Pick-up top drive and space out drill string.

24-Sep-12

2230-2245

0.25

Hole U0065A

Maneuver for reentry. Reenter Hole U0065A at 2240 hrs. No
sign of outflow prior to reentry.

24-Sep-12

2245-2300

0.25

Hole U0065A

Recover VIT.

24-Sep-12

2300-2400

1

Hole U0065A

RIH to 166.3 mbsf (783.0 mbrf) and pick-up top drive.

25-Sep-12

0000-0015

0.25

Hole U0065A

RIH with top drive to 185.3 mbsf (802.0 mbrf).

25-Sep-12

0015-0030

0.25

Hole U0065A

Plug hole with 40 bbls of heavy 10.5 ppg mud.

Underway for Site U0065. Begin sea voyage at 1712 hrs. End
sea voyage at 1930 hrs.
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Date

Time (hrs)

Hours

Location

Activity

25-Sep-12

0030-0130

1

Hole U0065A

POOH with top drive to 31.3 mbsf (648.0 mbrf).

25-Sep-12

0130-0200

0.5

Hole U0065A

Deploy VIT to observe hole. No outflow/bubbles identified.
Recover VIT.

25-Sep-12

0200-0230

0.5

Hole U0065A

Resume POOH with top drive to 533.0 mbrf. Bit cleared
seafloor at 0210 hrs.

25-Sep-12

0230-0515

2.75

DP Move

Offset vessel in DP mode for Site U0060. Position over drill
site coordinates.
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12.3 Lithostratigraphy
12.3.1 Overview
One hole was drilled with the RCB at Site U0065 in 605.2 m of water. The total depth
penetrated at Hole U0065A was 198.5 m, with 152.53 m of sediment and sedimentary rock
recovered in 21 cores (Fig. 12.3-F1), for an average recovery of 77%. Only drilling-washed
gravel was recovered from the upper 35.25 m of Hole U0065A, spanning Cores U0065A-1R
to -4R and the upper 5 cm of Section U0065A-5R-1. The remaining 163.25 m of Hole
U0065A consists mostly of carbonaceous claystones and muddy siltstones.

12.3.2 Lithostratigraphic Units
Two lithostratigraphic units are defined at Site U0065 (Fig. 12.3-F1).
Lithostratigraphic Unit I (0–35.25 mbsf) consists exclusively of gravel, which is interpreted
as a drilling-washed concentrate of large clasts from a sub-glacial diamict.
Lithostratigraphic Unit II (35.25–197.87 mbsf) consists mostly of carbonaceous
claystones and mudstones of an offshore marine, poorly oxygenated, distal prodeltaic
environment. These fine-grained deposits are interbedded with muddy siltstones and
minor intraformational sandstones and conglomerates, which record episodes of flooddriven hyperpycnite sedimentation and storm reworking.

12.3.3 Facies Descriptions
Five facies were identified at Site U0065 based on sedimentary composition and
grain size differences (see section “2.3 Lithostratigraphy” for a description of grain size
classification and assigned rock names). The primary physical and biogenic sedimentary
structures provide information on the hydraulic conditions, water chemistry, and substrate
properties of the depositional environment.
12.3.3.1 Facies 1 – Gravel
Facies 1 consists of cobble- and pebble-sized clasts of gneiss, granite, and
sedimentary rocks (Fig. 12.3-F2). The individual rock fragments are abraded and washed.
Only trace amounts of mud matrix, barren of fossils, was recovered from Section U0065A3R-1.
12.3.3.2 Facies 2 – Carbonaceous Mudstone/Claystone
Clay to silt texture, black to very dark gray color and homogeneous fabric
distinguish the carbonaceous mudstone/claystone of Facies 2 (Fig. 12.3-F3). Sand-sized
siliciclastics are typically absent. Silt grains consist of sub-angular quartz and mica, and less
commonly feldspars. Glauconite was not observed (Tables 12.3-T1 to -T4). Semiquantitative assessment of X-ray diffractograms suggests dominance of kaolinite over illite
in the clay fraction (Table 12.3-T2). Organic matter locally forms up to 25 vol% of Facies 2
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according to smear slide and thin section analyses (Tables 12.3-T3 and -T4). Pyrite is
abundant. No physical or biogenic sedimentary structures are visible in Facies 2.
Carbonaceous mudstone/claystone comprises over 90% of the lithofacies recovered in Unit
II.

Figure 12.3-F1. Recovery and generalized lithology at Site U0065.

12.3.3.3 Facies 3 – Muddy Siltstone and Silty Mudstone
Facies 3 is characterized by a silt/mud heterolithic texture and a suite of
sedimentary structures including inverse and normal grading, current ripples, and parallel
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and convoluted laminations (Figs. 12.3-F4 to -F10). Silt- and sand-sized particles are
composed mostly of quartz. Feldspars, phosphatic and carbonate intraclasts, and
glauconite are less abundant (Figs. 12.3-F8 and –F9). Wood and well-preserved cuticle
fragments are commonly found in Facies 3 (Figs. 12.3-F4 and -F10). Both lower and upper
contacts where Facies 3 is interbedded with Facies 2 are typically gradational, although
sharp, weakly erosional bases also occur (Figs. 12.3-F4 and -F5). Sharp upper contacts with
no apparent gradation are found locally (see section “12.3.3.4 Facies 5 – Sharp-Based
Carbonaceous Claystone”). Bioturbation is mostly absent; sedimentary structures
reminiscent of “mantle and swirl” structures (Lobza and Schieber, 1999) occur in some
convoluted intervals overlying parallel- and ripple-laminated silty layers (Fig. 12.3-F6).
Centimeter-scale siltstone beds are often cemented with siderite and dolomite (Fig. 12.3F7). Inoceramus shells oriented parallel to lamination are the only benthic fossils found in
Facies 3.

Figure
12.3-F3.
Photograph
of
carbonaceous claystone of Facies 2. This
facies is homogeneous, with no apparent
lamination or bioturbation. Brightcolored lines and curves are fractures.
(Interval U0065A-21R-3A, 106-115 cm).

Figure 12.3-F2. Photograph of gneissdominated gravel of Facies 1. This is the
only facies recovered from Unit I.
(Interval U0065A-1R-1A, 45-75 cm).
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Figure 12.3-F4. Photograph of inversely graded muddy siltstone bed with abundant plant
debris and mud intraclasts in Facies 3. (Interval U0065A-13R-4A, 0-5 cm).

Figure 12.3-F6. Photograph of softsediment deformation structures found
frequently in the transitional interval
between Facies 3 (below) and Facies 2
(above). These structures may be related
to fluidization of water-saturated mud;
however, some of these structures
resemble “mantle and swirl” burrows of a
soupground ichno-assemblage (Interval
U0065A-15R-5A, 121-127 cm).

Figure 12.3-F5. Photograph of muddy
siltstone of Facies 3. Note inversely
graded base and multiple upwardcoarsening and upward-fining layers
within the silty interval; these internal
variations are interpreted as waxing and
waning phases of a sustained hyperpycnal
flow. (Interval U0065A-20R-5A, 85-91
cm).
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Figure 12.3-F7. This section micrograph of
carbonate (Mg-calcite and dolomite)
cemented mudstone of Facies 3. a) Crosspolarized light. Note numerous round
grains in brown clay-rich matrix with
siliclastic silt. b) Close up of (a). Round
grains are filled with sparite. Mudstone also
contains organic matter including plant
debris (upper right) and framboidal pyrite
(small black dots). (Interval U0065A-10R4A, 10-12cm)

Figure 12.3-F8. Thin section micrograph of
siltstone overlying organic-rich mudstone of
Facies 3. a) Plane-polarized light, b) crosspolarized light. Basal silt is mud-free, mostly
detrital quartz and feldspar with a few thin
layers of carbonate intraclasts. Above silt is
an increasingly organic-rich interval with
more intraclastic material. Brownish
phosphatic debris is present (left center and
upper left) and appears black (isotropic) in
cross-polarized light. (Interval U0065A-7R3, 82-84cm)

12.3.3.4 Facies 4 – Intraclast-Bearing Sandstone/Conglomerate
Sharp-based, millimeter- to centimeter-scale layers of intraclast-bearing sandstone
or conglomerate distinguish Facies 4 (Fig. 12.3-F11). These intervals are often rich in shell
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fragments and skeletal debris (Inoceramus shells and fish bones; Figs. 12.3-F12 and -F13).
Intraclasts consist of phosphatic and sideritic nodules. Granule- to pebble-sized, rounded
clasts of locally laminated gray mudstone are found occasionally as thin stringers (Fig.
12.3-F14). Pyrite is abundant, often concentrated in small scours at the base. Wood
fragments are common components of Facies 4 (Fig. 12.3-F11). Normal grading is the only
sedimentary structure observed.
Table 12.3-T1. XRD results from bulk samples from Site U0065.

12.3.3.5 Facies 5 – Sharp-Based Carbonaceous Claystone
Facies 5 is composed of massive, carbonaceous claystone, rich in organic matter,
and lacking any internal stratification. It is texturally and structurally identical to the
claystone of Facies 2; however, unlike carbonaceous claystones described above, Facies 5
claystones exhibit a sharp lower contact with Facies 3 or 4 (Fig. 12.3-F14). These
claystones are distinguished as a separate facies because the presence of a sharp textural
boundary may be diagnostic of a distinct mode of sediment sorting and settling (see section
“12.3.4 Facies Interpretations”).

12.3-6

Chapter 12. Site U0065
12.3 Lithostratigraphy

Proceedings of the Baffin Bay
Scientific Coring Program

12.3.4 Facies Interpretations
Based on analogy with Quaternary strata from the surrounding boreholes, Facies 1
is interpreted as a drilling-washed concentrate of large pebbles from a diamict. The
sediment is most likely related to sub-glacial sedimentation from grounded ice or an ice
shelf.
Table 12.3-T2. XRD results from the clay fraction (<4 µm) from Site U0065.

The fine-grained nature of Facies 2 indicates deposition in a low energy
environment below storm wave base and out of the reach of storm- and tide-generated
currents. The presence of feldspars and micas (Table 12.3-T1) suggests relatively weak
chemical weathering and/or short transport path to the site of deposition. The absence of
bioturbation structures might be an artifact of preservation reflecting low textural and
color contrasts within the sediment. Another possibility is that bioturbation was primarily
absent or scarce due to stressed environmental conditions such as low oxygenation. One of
the potentially limiting factors for burrowing organisms is substrate stiffness. The poor
preservation of primary lamination is consistent with soup-ground conditions, which can
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restrict both burrowing intensity and lamina preservation (Ekdale, 1985). The absence of
glauconite, which forms under suboxic rather than fully anoxic diagenetic conditions
(Carson and Crowley, 1993), supports the possibility of anoxic bottom water (MelinteDobrinescu and Roban, 2011).

Figure 12.3-F9. Thin section micrograph of organic-rich silty mudstone of Facies 3. Planepolarized light. a) U0065A-6R-2, 32-35cm, b) U0065A-8R-3, 9-11cm. Layering is controlled
by compaction of black (oxidized) organic-rich laminae around siliciclastic silt or clays.
Gray oblong blebs in upper part of (a) are carbonate intraclasts that also appear in (b).
Light brownish clasts are phosphate (e.g., bottom left-center [a]). Dark reddish stringers in
(b) are woody material.
The abundance of pyrite in Facies 2 points to sulfate-reduction diagenesis. Unlike
the carbonaceous claystones of Site U0082, the carbonaceous claystones of Site U0065
formed in water with relatively high sulfate concentrations. Normal marine salinities
during deposition of Facies 2 are indicated by the occurrence of marine planktonic
organisms (see section “12.4 Chronostratigraphy”). Thin section and smear slide samples
show that siderite cementation is secondary, which suggests post-burial diagenesis
influenced by bacterial methanogenic processes that followed the consumption of sulfate in
pore water (Berner, 1981; Curtis et al., 1986).
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Figure 12.3-F10. Amber and plant debris of Facies 3 in Section U0065A-15R. Transmitted
light. a) Broken core surface displaying a well-preserved cuticle (arrows) and some
associated amber. b) Amber fragments showing brittle conchoidal fracture and resinous
luster. c) Close-up of (b).
Most of the siltstone heterolithic interbeds of Facies 3 record deposition from
sustained, low-density turbulent flows (‘low-density turbidity current’ of Lowe, 1982;
Mulder and Cochonat, 1996) as suggested by their fine-grained texture, gradational lower
contacts and a relatively weak vertical gradient in structure and grain size (Figs. 12.3-F4
and -F5) (Mulder and Alexander, 2001). Abundant well-preserved plant debris indicates
that the depositional site was relatively proximal to the source of terrigenous material. The
incorporation of abundant plant debris in Facies 3 and 4 suggests that the sedimentation or
re-sedimentation processes were linked to river floods. Together, the above features are
suggestive of hyperpycnite sedimentation in a prodeltaic setting (Mulder et al., 2001,
2003). Weakly erosional basal contacts are consistent with this interpretation. The
occurrence of pebble-sized intraclast gravel in Facies 4 suggests that the flow must have
exceeded the threshold for entrainment of cohesive substrate in places. This observation is
more difficult to reconcile with the proposed hyperpycnite flow, because hyperpycnites —
being triggered solely by density differences between the incoming and ambient fluids —
are relatively slow and rarely strongly erosive (Mulder et al. 2001). The rounded shape of
pebble-sized mudstone clasts suggests repeated reworking of a consolidated substrate
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with wave agitation or river transport providing the most likely mechanisms. The relatively
bright color suggests that these clasts were not derived from Facies 2 or 3, but likely were
transported from shallower sites such as interdistributary lagoons or the coastal plain.
Since these pebbles are not found associated with storm-generated facies of Sites U0061
and U0060, we assume that their occurrence might be linked to the proximity of the
fluvial/deltaic system rather than storm-driven reworking alone. Flood-induced erosion of
coastal deposits provides a plausible source of these clasts. Although no evidence for
oscillatory flows is found in Unit II, the presence of oscillatory and combined-flow
structures in the overlying strata at Sites U0061 and U0060 (see sections “10.3
Lithostratigraphy” and “14.3 Lithostratigraphy”) suggests that this part of the basin was
becoming increasingly affected by storm activity (compare with the absence of wave
structures in marginal strata of Site U0080; section “5.3 Lithostratigraphy”). The tractional
currents responsible for deposition of Facies 4 might have been related to storm-generated
flows. Sediment-starved ripples found locally in Facies 3 point to episodes when the flow
capacity exceeded sediment supply, thus supporting the hypothesized presence of an
imposed current. In fact, a combination of storm-driven and hyperpycnite sedimentation is
commonly found in sedimentary records and has been proposed for similar strata of the
adjacent Western Interior Basin (Bhattacharya and MacEachern, 2009). No evidence for
debris-flow deposits or high-density turbidity currents was found at Site U0065 (compare
with Facies 3 of Site U0070; see section “6.3 Lithostratigraphy”).
Table 12.3-T3. Thin section results from Hole U0065A.

Development of the abrupt grain-size boundary between Facies 3 or 4 below and
claystones of Facies 5 above requires efficient sediment sorting, which could be achieved
by sediment bypass. However, another possibility is sediment partitioning in a salinity
stratified water column and subsequent clay reconcentration and convective settling from
hypopycnal or mesopycnal plumes (e.g., Wilson and Roberts, 1995; Ducassou et al., 2008).
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Support for the latter scenario is provided by the association of this facies with inferred
hyperpycnite deposits as well as thin section analysis and gamma-ray signatures (see
section “12.5 Physical Properties”), which suggest that Facies 5 is exceptionally rich in
organic matter. The semi-enclosed geometry of the paleo-Baffin Bay (e.g., Hay et al., 2001)
must have inhibited mixing of relatively dense marine water and riverine freshwater, thus
establishing favorable conditions for convective settling. The occurrence of Facies 5 may
record episodes or phases of flood-driven sedimentation, when storm mixing was relatively
inefficient in reducing the density gradient in the water column.

Figure 12.3-F11. Photograph of intraclast conglomerate (Facies 4) sharply overlying
cemented siltstone of Facies 3. Note abundant wood and plant debris (black) especially in
the upper part of the upward fining bed. (Interval U0065A-18R-5, 81-89 cm)

12.3.5 Unit Descriptions and Interpretations
Based on visual core descriptions, the sediments at Site U0065 are divided into two
lithostratigraphic units.
12.3.5.1 Unit I
Interval: 344S-U0065A-1R-1, 0 cm through -5R-1, 5 cm
Depth: 0–35.25 mbsf
Age: Quaternary
Unit I is composed of the cobble- and pebble-sized gravel of Facies 1. The
stratigraphic position of these rock fragments suggests that they represent a drillingwashed concentrate of clasts from a sub-glacial diamict.
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Figure 12.3-F12. This section micrograph of phosphatic and calcareous debris of Facies 4.
a) Sandy layer is comprised of Inoceramus prisms, phosphatic clay, and small bone
fragments. b) Fish vertebrae surrounded by phosphatic pellets and other bones (ribs?). c)
Bone fragments, phosphatic pellets, and coal clast (bottom) with circular sparite inclusions
(possibly recrystallized foraminifera). d) Coal (black) and wood (red) fragments, with some
structural texture preserved. Plane-polarized light. (Interval U0065A-18R-5, 84-87 cm).
12.3.5.2 Unit II
Interval: 344S-U0065A-5R-1, 5 cm through -21R-7, 84 cm
Depth: 35.25–197.87 mbsf
Age: late Cenomanian
A suite of organic-rich, claystone- to siltstone-dominated lithologies (Facies 2 to 5)
was recovered from Unit II. These strata record mostly low energy sedimentation below
storm wave base in a prodeltaic marine setting. Absence of bioturbation structures and in
situ benthic fossils suggests poorly oxygenated, possibly anoxic bottom water. Episodic
deposition of coarser silicilastic material and terrestrial organic matter was related to
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flood-driven hyperpycnite flows, and probably assisted by storm-driven mixing of the
water column and redeposition of sediment. The only benthic fossils found in Unit II are
inoceramid shells; their association with silty or sandy intervals of Facies 3 or 4 and
orientation parallel to lamination suggests that they were redeposited from shallower sites.
We therefore assume that the benthic environment was generally not suitable for
colonization due to oxygen deficiency and/or incompetence of water-saturated substrate.
Rare, poorly defined burrows found in Facies 3 might be related to brief intervals of
improved oxygenation associated with re-sedimentation events. Episodes of convective
settling from hypopycnal or mesopycnal flows may record pronounced density
stratification of the upper part of the water column due to insufficient storm mixing and/or
elevated freshwater input. Unit II records two orders of facies variability: (1) decimeter- to
meter-scale interbedding of Facies 2 with Facies 3–5, (2) decimeter-scale variations in the
frequency of Facies 3–5. The latter is represented by an elevated frequency of siltstone
facies in Cores U0065A-12R to -19R. Intraclast-bearing sandstones and conglomerates of
Facies 4 are most frequent in the lower part of Hole U0065A indicating a long-term change
in the intensity of the forcing mechanism, water depth, and/or proximity to the source of
these clasts.

Figure 12.3-F13. Thin section micrograph of Inoceramus prisms, bones, and phosphatized
shell material of Facies 4. a) Plane-polarized light, b) cross-polarized light. (Interval
U0065A-18R-5, 84-87 cm)
12.3-13

Chapter 12. Site U0065
12.3 Lithostratigraphy

Proceedings of the Baffin Bay
Scientific Coring Program

Table 12.3-T4. Smear slide results from Hole U0065A.

Figure 12.3-F14. Photograph of a succession of Facies 2, 3, 4, and 5. Sharp base of Facies 5
is arrowed. (Interval U0065A-17R-4, 56-64 cm)
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12.4 Chronostratigraphy
12.4.1 Introduction
The chronostratigraphy for Site U0065 is constrained biostratigraphically by
calcareous nannofossils, dinoflagellate cysts, pollen, and spores. Natural remanent
magnetization and its demagnetization characteristics were measured to determine the
paleomagnetic reversal stratigraphy. Lithostratigraphic Unit I (0‒35.25 mbsf) of Hole
U0065A is likely Quaternary in age based on stratigraphic position. No biostratigraphic or
magnetostratigraphic data were obtained from this interval as only washed pebbles and
cobbles were recovered. In Lithostratigraphic Unit II, from 35.25 mbsf to the bottom of the
hole (197.87 mbsf), age control is provided by palynomorphs that indicate a late
Cenomanian succession. Taxa that provide this age determination include Cauveridinium
membraniphorum, Isabelidinium magnum, and Trithyrodinium suspectum. A Cenomanian
age is also suggested by a diverse pollen and spore assemblage, and a moderately
preserved assemblage of calcareous nannofossils. This is consistent with the observed
normal magnetic polarity and assignment to the Cretaceous Long Normal Polarity interval
(Superchron C34n; 83.64‒125.93 Ma).

12.4.2 Biostratigraphy
Samples from Site U0065 were examined for calcareous nannofossils, foraminifera,
diatoms, dinoflagellate cysts, pollen, and spores. Samples were collected from core catchers
of each core, with some additional samples taken from split-core sections primarily for
calcareous nannofossils. The primary results for all fossil groups are summarized in Figure
12.4-F1. No microfossils occur in the small amount of glacial mud extracted from the
washed gravel recovered in Lithostratigraphic Unit I (0–35.25 mbsf). Lithostratigraphic
Unit II (32.25―197.87 mbsf) is barren of foraminifera and diatoms, but contains sporadic
nannofossils, as well as a diverse assemblage of palynomorphs that indicate a late
Cenomanian age for the unit.
12.4.2.1 Calcareous Nannofossils
A total of 28 samples were examined for calcareous nannofossils at Site U0065
(Appendix Table 12.4-AT1). The Cretaceous section below 35.25 mbsf contains sporadic
intervals with rare to few calcareous nannofossils of poor to moderate preservation. The
preservation is best in Cores U0065A-5R and -6R, with several samples producing
reasonably diverse assemblages (Fig. 12.4-F2). In addition, a single sample from Core
U0065A-18R contains a moderately preserved assemblage consisting of only a couple of
taxa.
Samples U0065A-6R-1, 66-67 cm (45.46 mbsf) and -6R-2, 57-58 cm (46.69 mbsf)
contain the most diverse and best preserved assemblages, which include Watznaueria spp.
(W. barnesae, W. fossacincta, and W. ovata), Cyclagelosphaera spp., Broinsonia sp. (likely B.
signata), Chiastozygus platyrhethus, Cribrosphaerella ehrenbergii, Retecapsa spp., and
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Tranolithus spp. Many of the taxa in these samples first appear during the Early Cretaceous
and survive until the Cretaceous/Paleogene mass extinction, and none are biostratigraphic
markers that could be used to assign the sediments to a nannofossil zone; however, the
ranges of a few species are useful for providing a relative age. Crucicribrum anglicum
ranges from the Albian to Cenomanian and the questionably identified Tranolithus gabalus
ranges from the Cenomanian to the Maastrichtian (Burnett, 1998). Based on the overlap in
the presumed ranges of C. anglicum and T. gabalus, sediments in Hole U0065A can be
assigned a Cenomanian age, consistent with ages based on palynomorphs (see sections
“12.4.2.4 Dinoflagellate Cysts” and “12.4.2.5 Pollen and Spores”).

Figure 12.4-F1. Chronostratigraphic summary for Site U0065.
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The questionable occurrence of two additional species would indicate a somewhat
younger (Turonian) age for the section if correctly identified. Broinsonia furtiva
questionably occurs in Sample U0065A-5R-2, 110-110 cm (37.65 mbsf). This taxon ranges
from the Turonian to possibly the Santonian. More significant is the questionable
occurrence of Quadrum gartneri in Sample U0065A-13R-CC, 30-34 cm (121.44 mbsf). The
first appearance datum (FAD) of this index species marks the base of nannofossil Zones
CC11 and UC7, with a calibrated age of 93.55 Ma during the earliest Turonian (Gradstein et
al., 2012). In addition, Sample U0065A-15R-CC, 33-39 cm (141.41 mbsf) contains a
questionable Quadrum intermedium, a predecessor of Q. gartneri that has a FAD in the
latest Cenomanian at 94.07 Ma (Gradstein et al., 2012). Additional work targeting intervals
with moderate preservation should allow for refinement of the age assignment based on
nannofossils in Hole U0065A.
Preservation is generally poor in the eight samples that contain calcareous
nannofossils from Core U0065A-7R to the bottom of the hole (63.50‒197.87 mbsf). As a
result, most identifications are tentative (Appendix Table 12.4-AT1). The assemblages
include typical Cretaceous species found in the better preserved samples (e.g.,
Cyclagelosphaera spp., Watznaueria spp), as well as a few questionable taxa not see in
Cores U0065A-5R and -6R, including Eprolithus spp., Prediscosphaera spp. (possibly P.
columnata), Rhagodiscus spp., and Zeugrhabdotus erectus. The ranges of these taxa are
consistent with the Cenomanian (to possibly early Turonian) age assigned to Hole U0065A.
One sample (U0065A-18R-4, 3-4 cm [162.71 mbsf]) was taken from directly below an
Inoceramus shell fragment. This sample contains a moderately preserved assemblage
consisting almost entirely of Braarudosphaera bigelowii and Cyclagelosphaera reinhardtii.
In addition to the individual coccoliths found throughout Hole U0065A, two samples
contain complete coccospheres, despite the sparse and generally poorly preserved
assemblages. Sample U0065A-6R-1, 66-67 cm (45.46 mbsf) includes a coccosphere of
Watznaueria barnesae and Sample U0065A-15R-CC, 33-39 cm (141.41 mbsf) contains a
coccosphere of Braarudosphaera bigelowii (Fig. 12.4-F2R). Preservation of entire
coccospheres in the sediment at Site U0065 is likely due in part to the lack of bioturbation
in these carbonaceous claystones (see section “12.3 Lithostratigraphy”).
12.4.2.2 Foraminifera
All 13 samples examined for foraminifera are barren (Appendix Table 12.4-AT1).
12.4.2.3 Diatoms
All samples examined (Samples U0065A-3R-1, 103-104 cm through -21R-7, 79-84
cm [18.23‒197.82 mbsf]) are barren of diatoms (Appendix Table 12.4-AT1).
12.4.2.4 Dinoflagellate Cysts
A total of 15 samples from Hole U0065A were examined for dinoflagellate cysts and
selected spores, pollen, and algae (Appendix Table 12.4-AT2). The organic matter in nine of
the studied samples is dominated by aquatic amorphous organic material with a fluffy,
clotted, spongy, and granular appearance (e.g., Samples U0065A-7R-7, 135-140 cm [63.50
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mbsf], -14R-CC, 6-10 cm [130.16 mbsf] and -17R-8, 131-135 cm [159.69 mbsf]) (Fig. 12.4F3), whereas structured terrestrial material including cuticles, plant tissues, woody
material, pollen, and spores dominate six of the studied samples (e.g., Samples U0065A11R-CC, 23-26 cm [103.29 mbsf], -13R-CC, 30-34 cm [121.44 mbsf], and -19R-CC, 6-10 cm
[178.93 mbsf]) (Fig. 12.4-F3).

Figure 12.4-F2. Photomicrographs of calcareous nannofossils from Site U0065. Images A, B,
G, and H are from Sample U0065A-6R-2, 57-58 cm (46.69 mbsf). Images C, D, E, F, I, J, and K
are from Sample U0065A-6R-1, 66-67 cm (45.46 mbsf). Image L is from Sample U0065A13R-CC, 35-39 cm (121.44 mbsf). Images M and N are from Sample U0065A-6R-CC, 35-39
cm (50.45 mbsf). Images O and P are from Sample U0065A-18R-CC, 41-44 cm (170.26
mbsf). Image Q is from Sample U0065A-18R-4, 3-4 cm (162.71 mbsf). Image R is from
Sample U0065A-15R-CC, 30-39 cm (141.41 mbsf).
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Figure 12.4-F3. Photomicrographs of organic material from Core U0065A. Scale bar for A =
100 µm, for B-F = 200 µm. Images A, C, and E (Samples U0065A-7R-7, 135-140 cm [63.50
mbsf], -14R-CC, 6-10 cm [130.16 mbsf], and -17R-8, 131-135 cm [159.69 mbsf]) show the
dominance of amorphous organic material in samples with common marine dinoflagellate
cysts. Images B, D, and F (Samples U0065A-11R-CC, 23-26 cm [103.29 mbsf], -13R-CC, 3034 cm [121.44 mbsf], and -19R-CC, 6-10 cm [178.93 mbsf]) show the dominance of
terrestrial structured plant material including spores and pollen, whereas marine
dinoflagellate cysts constitute a minor part.
In addition to the amorphous organic and terrestrial material, minor to moderately
diverse assemblages of marine dinoflagellate cysts and algae (Figs. 12.4-F4 and F5),
suggesting a late Cenomanian age (Samples U0065A- 5R-CC, 27-32 cm to -21R-7, 79-84 cm
[41.86‒197.82mbsf]). The variation in abundance and diversity of dinoflagellate cysts and
algae in these cores is likely biased because of differences in processing and time spent on
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the samples. In addition, the amount of amorphous organic material present tends to
obscure observation of specimens making accurate assessment of assemblage composition
problematic.
No stratigraphically important first or last occurrences occur within the examined
interval; however Cauveridinium membraniphorum seems to have an acme (that may be
local) at an amorphous organic material dominated interval from Sample U0065A-13R-CC,
30-34 cm to -17R-8, 131-135 cm (121.44‒159.69 mbsf).

Figure 12.4-F4. Photomicrographs of dinoflagellate cysts from Site U0065. Images A and D
are from Sample U0065A-21R-7, 79-84 cm (197.82 mbsf). Images B, E, F and H are from
Sample U0065A-7R-7, 135-140 cm (63.50 mbsf). Image C is from Sample U0065A-11R-CC,
23-26 cm (103.29 mbsf). Image I is from Sample U0065A-9R-7, 75-78 cm (81.02 mbsf).
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Paleoenvironment and Age
The presence of Cauveridinium membraniphorum, Isabelidinium magnum, and
Trithyrodinium suspectum (Fig. 12.4-F4 and –F5), together with the pollen Rugubivesiculites
rugosus (Fig. 12.4-F6), indicate a late Cenomanian age or younger. Cauveridinium
membraniphorum has its first common occurrence in the upper Cenomanian organic-rich
Plenus Marl onshore UK (Dodsworth, 2000; Pearce et al., 2009) and its last common
occurrence in the uppermost Turonian (Pearce et al., 2003). The presence of I. magnum and
the absence of Chatangiella granulosum, Chantangiella verrucosa, Chatangiella tripartita,
and Heterosphaeridium difficile also support a late Cenomanian age (Costa and Davey,
1992). Williams et al. (2004) suggests a FAD for H. difficile within the lower Turonian,
whereas Bell and Selnes (1997) suggest an early to middle Cenomanian age for the FAD of
H. difficile offshore Norway.

Figure 12.4-F5. Photomicrographs of the dinoflagellate cyst Cauveridinium
membraniphorum from Site U0065. Images A and B are from Sample U0065A-14R-CC, 6-10
cm (130.16 mbsf); image A clearly illustrates that the amount of amorphous organic
material present often obscures observation of specimens. Image C is from Sample
U0065A-15R-CC, 33-39 cm (141.41 mbsf). Image D is from Sample U0065A-8R-7, 50-55 cm
(72.92 mbsf). Image E is from Sample U0065A-21R-7, 79-84 cm (197.82 mbsf).
In addition to the marine flora, few specimens of the presumed brackish water
Nyktericysta davisii with very long post- and pre-cingular horns (Fig. 12.4-F6) occur within
five samples (U0065A-7R-7, 135-140 cm [63.50 mbsf], -9R-7, 75-78 cm [81.80 mbsf], -16RCC, 0-7 cm [149.66 mbsf], -20R-CC, 35-40 cm [185.53 mbsf], and -21R-7, 79-84 cm [197.82
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mbsf]). These samples are also dominated by aquatic amorphous organic material. This
form has only previously been reported (as a large specimen of N. davisii) from the upper
part of the marginal marine Upernivik Næs Formation, West Greenland, where it co-occurs
with another brackish water indicator Quantouendinium dictyophorum and the pollen R.
rugosus, and from a single fully marine sample from the Atane Formation at Ikorfat, West
Greenland (Nøhr-Hansen, 2005, 2008; Dam et al., 2009).

Figure 12.4-F6. Photomicrographs of brackish-water dinoflagellate cysts Nyktericysta
davisii image A–G with very long post- and pre-cingular horns. The pollen Rugubivesiculites
rugosus and the spore Hoegisporis cf. uniforma. Image A is from Sample U0065A-21R-7, 7984 cm (197.82 mbsf). Image B is from Sample U0065A-20R-CC, 35-40 cm (185.53 mbsf).
Images C and D are from Sample U0065A 7R-7, 135-140 cm (63.50 mbsf). Image E is from
Sample U0065A-15R-CC, 33-39 cm (141.41 mbsf). Image F is from Sample U0065A-5R-CC,
27-32 cm (41.86 mbsf). Image G is from Sample U0065A-11R-CC, 23-26 cm (103.29 mbsf).

12.4-8

Chapter 12. Site U0065
12.4 Chronostratigraphy

Proceedings of the Baffin Bay
Scientific Coring Program

The moderately high dinoflagellate cyst diversity, the dominance of aquatic
amorphous organic material, and minor amount of terrestrially derived material in nine of
the studied samples indicate a marine depositional environment, whereas the dominance
of structured terrestrial material in six of the studied samples may suggest wash out from a
terrestrial source, see Appendix Table 12.4-AT2 for details, and Fig. 12.4-F3 for
illustrations.
12.4.2.5 Pollen and Spores
Sixteen samples from Site U0065 were analyzed for pollen and spores (Appendix
Table 12.4-AT3). The assemblages present are relatively uniform throughout the studied
interval and include a range of Cenomanian megaspores, highly diverse miospores (mostly
ferns), and the presence of angiosperm pollen throughout, but with an increase in diversity
towards the top of the hole (Figs. 12.4-F7 and -F8). Rugubivesiculites species typical of the
Cenomanian are abundant in all samples, together with very diverse bisaccate conifer
pollen. Uesuguipollenites pollen and Laevigatosporites spores occur in nearly all samples.
The occurrence of Laevigatosporites spores, which are very commonly found in brackish
and marine sediments, suggest that the terrestrial spores and pollen have been transported
into a marine depositional environment. Despite the uniformity of assemblages, this hole
can be divided into three informal intervals characterized by changes in dominance of
different groups.
Miospores and Angiosperm Interval
Samples U0065A-5R-CC, 27-32 cm to -12R-CC, 11-16 cm (41.86–111.81 mbsf) are
characterized by higher abundances of angiosperm pollen and miospores than deeper in
the hole. The angiosperms are primarily represented by Fovetricolpites, Foveosporites,
Tricolpites, Tricolporates, and Liliacidites; however, the Normapolles pollen
Extratriporopollenites is also common. Miospores Cyathidites and Gleicheniidites are more
abundant within this interval and Gleicheniidites senonicus occurs more persistently. Other
most common miospores are Camarozonosporites, Cicatricosisporites, and Foraminisporis.
Bisaccate Interval
Samples U0065A-13R-CC, 30-34 cm to -17R-8, 131-135 cm (121.44–159.69 mbsf)
are characterized by higher abundances of bisaccate pollen than other parts of the hole,
although the assemblage composition within this interval remains the same. Miospores and
megaspores are also quite common, but their relative abundance decreases within this
interval due to the increase in bisaccate pollen. The bisaccate assemblage includes
Piceopollenites, Pinuspollenites, Abiespollenites, Alisporites, Podocarpidites, and Pityosporites.
Some monoletes, such as Cycadopites and Taxodiaceae, as well undifferentiated
monosaccate species, are also present. Various Rugubivesiculites species are abundant. The
increase in abundance of bisaccate pollen within this interval may be attributed to a change
in climate and/or geomorphology resulting in a greater influx of pollen due to increased
precipitation or accelerated erosion.
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Figure 12.4-F7. Photomicrographs of spores and pollen from Site U0065. Image A is from
Sample U0065A-8R-7, 0-5 cm (72.92 mbsf). Image B is from Sample U0065A-20R-CC, 35-40
cm (185.53 mbsf). Images C and H are from Sample U0065A-5R-CC, 27-32 cm (41.86 mbsf).
Images D and I are from Sample U0065A-14R-CC, 6-10 cm (130.16 mbsf). Images E and F
are from Sample U0065A-21R-7, 0-5 cm (197.82 mbsf). Image G is from Sample U0065A9R-7, 0-3 cm (81.80 mbsf).
Megaspores Interval
Samples U0065A-18R-CC, 41-44 cm to -21R-7, 79-84 cm (170.26–197.82 mbsf) are
characterized by the persistent presence of large megaspores that are typical of the
Cenomanian, as well as an abundant assemblage of other palynomorphs. Typical
megaspore taxa within this interval include Rugutriletes, Laevigatosporites,
Pristinuspollenites, and Gabonisporis cf. labyrinthus, as well as a number of unidentified
spores.
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Age and Paleoenvironment
The pollen and spore assemblages at Site U0065 indicate a Cenomanian age for the
section. For the upper ~160 m, the richness of miospores and higher abundance and
diversity of angiosperm pollen suggest a late Cenomanian age.
In general, the palynomorph assemblages indicate no major climatic changes during
deposition of the sediments recovered at Site U0065. The hinterland was dominated by a
conifer forest and rich fern understory with a large angiosperm component that diversified
through time. Climate during this interval was persistently warm and humid.

Figure 12.4-F8. Photomicrographs of miospores from Site U0065. Images A and D are from
Sample U0065A-20R-CC, 35-40 cm (185.53 mbsf). Image B is from Sample U0065A-9R-7, 03 cm (81.80 mbsf). Images C and E are from Sample U0065A-8R-7, 0-5 cm (72.92 mbsf).

12.4.3 Paleomagnetism
The investigation of magnetic properties from the 17 cores with measurable
amounts of sediment collected at Site U0065 included the measurement of bulk
susceptibility of whole-core and split-core sections and the natural remanent
magnetization (NRM) of archive-half sections (Appendix Table 12.4-AT4). Alternating field
(AF) demagnetization at 10 and 20 mT was conducted on all cores at 5-cm resolution.
Stepwise AF demagnetization on 17 discrete samples was performed at successive peak
fields of 0, 5, 10, 15, 20, 25, 30, 35, 40, 50, and 60 mT to verify the reliability of the splitcore measurements (Appendix Table 12.4-AT5). All but two samples yielded excellent fits
with principal component analysis (PCA; Kirschvink, 1980), having a maximum angular
deviation of <8°. The location of the discrete samples taken at Hole U0065A is indicated in
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the inclination and declination panels of Figure 12.4-F9. We cleaned the split-core data
extracted from the LIMS database by removing all measurements from within 5 cm of the
section ends. Although the rotary cores are fractured to varying degrees by the drilling
process, there were no specific intervals that needed to be removed from the
measurements because they might have caused problems with the magnetic
measurements. Sections U0065A-11R-1 through -11R-3 are not included in this report
because they were extruded onto the rig floor and showed severe disruption of the
inclination record.

Figure 12.4-F9. Summary of paleomagnetic data and magnetostratigraphy at Site U0065.
Discrete sample locations are indicated in the declination and inclination columns by red
symbols. The polarity stratigraphic interpretation is given with black intervals
representative of normal polarity and stripes indicating no recovery NRM intensity,
declinations, and inclinations prior to demagnetization are plotted with blue symbols and
after 20-mT demagnetization with green symbols.
12.4.3.1 Natural Remanent Magnetization and Magnetic Susceptibility
The intensity of NRM after 20-mT demagnetization ranges from ~10-5 to ~10-2 A/m,
with a mean of 3.8 × 10-3 A/m before and 1.8 × 10-3 A/m after AF demagnetization (Fig.
12.4-F9). Magnetic properties vary little downhole and a relatively stable magnetic
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component, which allows for the determination of magnetic polarity, was preserved. A
magnetic overprint with steep positive inclinations, which was probably acquired during
drilling, was usually erased by the 20-mT demagnetization step (Fig. 12.4-F10). The
demagnetization behavior of six discrete samples that yielded excellent PCA results is
illustrated in Figure 12.4-F10.

Figure 12.4-F10. Demagnetization results for six discrete samples. For each sample, the
plot to the left shows the vector end points of paleomagnetic directions on vector
demagnetization diagrams or modified Zijderveld plots (red squares are inclinations and
blue circles declinations), and the plot to the right shows the intensity variation with
progressive demagnetization. Those data outlined in black were used to compute mean
directions from principal component analysis. Samples from Cores U0065A-5R, -7R, and
14R exhibit a significant overprint that was removed by the 20 mT demagnetization step.
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Magnetic susceptibility measurements were made on whole cores as part of the
Whole-Round Multisensor Logger (WRMSL) analysis and on split-core sections using the
Section-Half Multisensor Logger (SHMSL) (see section "12.5 Physical Properties").
Magnetic susceptibility is consistent between the two instruments (Fig. 12.4-F9) and in
general parallel to the intensity of magnetic remanence. It varies between 1.1 × 10-5 and 1.9
× 10-3 (SI volume units; Fig. 12.4-F9 first panel; split-core measurements are offset by a
factor of 10) with an average of 1.4 × 10-4 (SI volume units).
12.4.3.2 Magnetostratigraphy
Only magnetic inclinations were used for the magnetostratigraphic interpretation at
this site. The geomagnetic field at the latitude of Site U0065 (75.728°) has an expected
inclination of 82.75°, assuming a geocentric axial dipole field model, which is sufficiently
steep to determine magnetic polarity in RCB cores that lack horizontal orientation.
Recovery below the unconformity at 35.25 mbsf is excellent and magnetic
inclinations of split-core and discrete samples indicate that only the Cretaceous Long
Normal Superchron C34n (83.64–125.93 Ma) is recorded. This is constrained by the
occurrence of palynomorphs, which place this section in the late Cenomanian.
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12.5 Physical Properties
12.5.1 Overview
Physical properties were measured on 17 cores and 56 discrete samples at Site
U0065 (Figs. 12.5-F1a, b). Of the physical properties datasets, only color reflectance was
measured in Lithostratigraphic Unit I (Quaternary diamict; 0 to 35.25 mbsf) as only washed
gravel clasts were recovered from this interval.
The physical properties of the Cretaceous carbonaceous mudstones and sandstones
found in Lithostratigraphic Unit II (35.25 to 198.5 mbsf) are characterized by a narrow
range of grain density (2.66 ± 0.03 g/cm3) and porosity (19 ± 1%) with the exception of
cm-thick concentrations of siderite cement. No large-scale trends are evident, however,
significant decimeter to meter scale cycles in magnetic susceptibility, natural gamma
radiation and bulk density are apparent throughout the hole (Figs. 12.5-F2, -F3, -F4). These
cycles reflect different stages of terrestrial siliciclastic and organic sediment input possibly
corresponding to major flood events, culminating in siltstone horizons that are often
siderite cemented (see section “12.3 Lithostratigraphy”). Thin, cm-scale, cemented siltstone
beds are characteristic of all Cretaceous units recovered on Expedition 344S (e.g. section
“6.5 Physical Properties”), however, enrichment in organic carbon immediately preceding
deposition of the silt layers appears to be a prominent feature only at Site U0065.

12.5.2 Measurements and Data Analysis
12.5.2.1 Whole Round Measurements
Measurements with the Whole-Round Multisensor Logger (WRMSL) were obtained
at 2.5 cm intervals for gamma ray attenuation (GRA) wet bulk density, and magnetic
susceptibility (MS) for Core U0065A-5R and below (Appendix Table 12.5-AT1). Cores
U0065A-1R to -4R contained only washed gravel clasts and were not measured. Natural
gamma radiation (NGR) was measured at 10 cm intervals in the same sections. NGR
acquisition time was reduced for Sections U0065A-15R-2 to -21R-7 to improve core flow.
The GRA density and MS data were cleaned to remove spurious points caused by voids in
the core and section breaks, and the GRA density data were further corrected for core
diameter variations as described in section “2.5 Physical Properties”.
The mean GRA bulk density value is 2.38 ± 0.12 g/cm3 for Lithostratigraphic Unit II,
and the average magnetic susceptibility is 1.4×10-4 ± 9.7×10-5. Natural gamma radiation
averages 70 ± 9 cps counts per second for Unit II, slightly higher values than observed in
Cretaceous sediments at other sites (e.g. Site U0070, 57 ± 27 cps).
Centimeter to meter-scale variability in both magnetic susceptibility and NGR is
different from that observed at other Expedition 344S sites. Magnetic susceptibility
“spikes” that are two to ten times the background level have two causes at Site U0065. The
first is the presence of high-density siderite cement, most often in siltstone or fine
sandstone beds, as observed at 344S sites (and elsewhere, see Chadima et al., 2006). This
form of susceptibility has very low remanent magnetization and is associated with high
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GRA densities. The second is the periodic influx of minerals that carry a high remanent
magnetization (e.g. magnetite), a signature that appears confined to this site (see section
“12.4 Chronostratigraphy”).

Figure 12.5-F1A. Downcore physical properties measurements. Downcore measurements
bulk density (GRA = data from Whole-round Multisenor Logger and MAD= discrete sample
moisture and density data), grain density, P-wave velocity and porosity. Values associated
with increasing siderite cements are shaded orange.
High NGR counts at Site U0065 appear to be mainly caused by cm to dm-thick
concentrations of uranium (and daughter isotopes) -bearing organic matter (e.g., Rider,
1996), as also indicated by thin section and total organic carbon analysis (Figs. 12.5-F2, -F3,
and -F4). Although the shipboard NGR detector is calibrated only for total natural gamma
counts, gamma spectral data are measured and can be used to assess the relative
abundance of uranium, potassium and thorium (see “2.5 Physical Properties”). We have
investigated the relative abundance of U and K, presumed to be the main contributors to
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the total gamma counts, between a region of high NGR and low NGR counts in Core
U0065A-15R. The zone of high NGR counts has high measured total organic carbon content
at Site U0065 (see section “12.6 Geochemistry”). The gamma spectral data for this zone
show an increase in potassium counts, and more importantly, a significant increase in
counts from uranium isotopes, supporting the interpretation that uranium bound in
carbonaceous material is the main driver of NGR variability at this site.

Figure 12.5-F1B. Downcore physical properties measurements. Downcore measurements
of magnetic susceptibility, natural gamma radiation, and color parameters L*a*b*. Grain
density values typical of common aluminosilicate minerals and calcite are shaded green.
Values associated with increasing siderite cements are shaded orange.
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12.5.2.2 Split Core Color Spectroscopy
Color reflectance was measured at a resolution of 2.5 cm (Fig. 12.5-F1b; Appendix
Table 12.5-AT2). The cores recovered for Lithostratigraphic Unit I have strong color mostly
because they are composed of assorted washed gravel clasts.
Lithostratigraphic Unit II has similar ranges for L*(22.99±5.93), a*(2.12±1.55) and
b*(-4.03±3.86) to those observed at other sites from the same basin. Decimeter scale
smooth variations in redness and blueness show an inverse relationship where high
redness values (>4) correspond to low blueness (<-7) and vice versa (high blue [>0], low
red [<1]). As for other Expedition 344S sites, the cause of these long wavelength color
changes remains unclear but it is very likely an instrument artifact. Similarly, a jump in the
values for all the color parameters is noticeable between Sections U0065A-10R-5 and -6
(Appendix Table 12.5-AT-2; Fig. 12.5-1b). Initial investigation suggests this is due to a
instrument calibration issue and does not represent a change in rock color.
12.5.2.3 Discrete Sample P-wave Velocity Measurements
No discrete P-wave measurements were made in Lithostratigraphic Unit I. Of the 56
8
cubes used for moisture and density (MAD) analysis, 46 were suitable for velocity
measurements (Table 12.5-T1). P-wave velocities on discrete cubes were measured after
24 hours of degassing and seawater saturation inside a vacuum chamber. The highsaturated gas content of samples from this hole resulted in 10 of the samples splitting
under vacuum. These samples could not be used for velocity measurements. None of these
velocity measurements have been corrected to in situ temperature and pressure
conditions.
cm3

Table 12.5-T1. Summary of MAD and P-wave values for the different lithofacies for Site
U0065.

Site U0065 is dominated by claystone and this lithology represents the majority of
our samples (40 cubes). Uncemented claystones have mean vertical (z-direction) P-wave
velocity of 2480 ± 70 m/s and identical horizontal (x, y) velocities of 2760 ± 115 m/s.
Velocity anisotropy averages 10% but varies from ~5% at the top of the hole to ~15% at
the base, consistent with a slight increase in compaction with depth. These velocities and
degree of anisotropy are very similar to those reported for fine grained (claystone and
mudstone) Cretaceous sediments from all other Expedition 344S sites. The sole example of
a cemented claystone has a much higher velocity (Vp(z) 4000 m/s), reflecting the loss of
pore-space.
Six discrete samples were from mudstone, which have an average Vp(z) of 3060 ±
690 m/s. The wide range of velocity values for these samples is due to their different levels
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of cementation, however, uncemented mudstone has a virtually identical velocity to
claystone (Vp(z) 2390 m/s, Vp(x,y) 2790 m/s). Siltstones (4 samples) have the highest Pwave velocities (Vp(z) 4060 m/s, Vp(x,y) 4620 m/s) as all are highly cemented.

Figure 12.5-F2. Detailed view of the physical properties for Core U0065A-9R. An example
of the cyclic pattern found throughout Hole U0065A of (1) progressive increase in magnetic
susceptibility and intensity suggesting an influx ferromagnetic minerals is highlighted blue
followed by; (2) an increase in natural gamma radiation (NGR) suggesting increased
concentrations of organic matter (shaded gray) and; (3) a high magnetic susceptibility and
low intensity layer with high bulk density reflecting the presence of siderite cement. The
location of the thin section shown in Figure 12.5-F3 is shown in red.
12.5.2.4 Moisture and Density (MAD) Measurements
A total of 56 samples were used for moisture and density measurements and all
samples were indurated enough to be saturated with seawater under vacuum. Wet mass,
dry mass, and dry volume were measured, and from these measurements, porosity, dry
density, bulk density, and grain density were calculated (Table 12.5-T1, Appendix Table
12.5-AT4).
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Similar to other Expedition 344S sites, and in particular Site U0080 (see section “5.5
Physical Properties”), high (>2.85 g/cm3) grain densities within Lithostratigraphic Unit II
are caused by the presence of siderite cement. However, if only non-cemented samples are
considered most values are in the range of common aluminosilicates and calcite, with an
average grain density of 2.66 ± 0.03 g/cm3. The mean porosity of these same samples is
20% ±1%. However, visual observation (Fig. 12.5-F3) and total organic carbon analysis
(see section “12.6 Geochemistry”) show intervals with relatively high concentrations of
low-density organic carbon occur throughout the core. Unfortunately, the MAD properties
material could not be ascertained because the fractured nature of the sediment precluded
sampling.

Figure 12.5-F3. Thin section of an organic rich mudstone with silt. Organic-rich mudstone
in plane-polarized light from Sample U0065A-8R-3, 9-11cm. Layering is controlled by
compaction of black (oxidized) organic-rich laminae around siliciclastic silt or carbonate
intraclasts. Dark reddish stringers are woody material.

12.5.3 Downhole Trends in Physical Properties
12.5.3.1 Lithostratigraphic Unit I
No physical properties other than color were measured in Lithostratigraphic Unit I
(Quaternary diamict; 0 to 35.25 mbsf) as only washed gravel clasts were recovered from
this interval.
12.5.3.2 Lithostratigraphic Unit II
Physical properties data do not show any systematic trends with depth with the
exception of a poorly defined increase in velocity anisotropy. However, cyclicity within this
unit is particularly apparent at the cm- to meter scale that is not easily visually detected.
These cycles are characterized by three phases that repeat every meter or so throughout
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the hole (Fig. 12.5-F2). First, magnetic susceptibility increases progressively, over ~5-50
cm, caused probably by an influx of fine-grained sediment containing magnetite or similar
ferromagnetic mineral, which produces a corresponding strong remanent magnetization.
Susceptibility then decreases abruptly as natural gamma radiation increases over ~10–
30 cm reflecting a change in the sediment composition to organic-rich mudstone. Finally,
magnetic susceptibility increases sharply again, this time with a corresponding peak in
bulk density for a few centimeters before decreasing again. This elevated magnetic
susceptibility and bulk density combination is indicative of the thin siderite-cemented
siltstone beds that occur throughout Cretaceous sediments at most Expedition 344S sites.
The systematic occurrence of ferromagnetic remanent-bearing and organic-rich layers
immediately preceding the deposition of most siltstone layers strongly suggests they are
part of a single depositional event (see section “12.3 Lithostratigraphy”). The key
difference between Site U0065 and other sites is that these precursor events appear to be
absent elsewhere.

Figure 12.5-F4. Detailed view of Section U0065A-15R-4 natural gamma radiation. Detailed
view of the association between natural gamma radiation and organic matter (a) total
natural gamma radiation (NGR) counts showing the association with high total organic
carbon (TOC). Colored circles indicate the position of gamma ray spectral data. (b) Gamma
radiation spectral data for three points (circled) a peak and background levels of NGR
highlighting the contribution from U and daughter isotopes (214 Bi in particular).
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12.5.4 Two-way Travel Time (TWT) from P-wave Velocity
P-wave velocities measured at discrete depth intervals were used to calculate the
vertical travel time in the hole between sample depths (Fig. 12.5-F5). Our time vs. depth
calculation is based on the Vp (z-axis) measurements only. Since no P-wave velocities were
obtained from the cored intervals containing only washed gravels (Cores U0065A-2R to 6R) we used the average velocity for Quaternary diamict recovered at Site U0110
(2310 m/s) to characterize the interval between 1.25 and 32.25 mbsf. We have used the
velocity at 75.48 mbsf (2440 m/s) to characterize the interval 32.25–75.48 mbsf where
data from uncemented “background” mudstone are absent. As for all Cretaceous
claystone/mudstone dominated sediments the relatively slow vertical velocity results in
shallower than predicted seismic reflectors when compared with the pre-drilling velocity
estimate of 2700 m/s.

Figure 12.5-F5. Cumulative whole core Vp (z-axis) TWT vs. depth. The red line shows the
cumulative velocity profile constructed from discrete velocity measurements excluding
cemented samples, compared with the pre-drilling velocity estimate of 2700 m/s shown in
black.
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12.6 Geochemistry
Shipboard organic geochemical studies of cores from Site U0065 included
monitoring of hydrocarbon gases, measuring total carbon, carbonate carbon, total organic
carbon, and total nitrogen contents, and characterizing organic matter by pyrolysis assay.
Procedures are summarized in “Chapter 2. Methods” (see section “2.6 Geochemistry”).

12.6.1 Hydrocarbon Gases
Cores U0065A-1R to -4R had insufficient recovery to sample for gas. Beginning with
Core U0065A-5R all subsequent cores from Hole U0065A were monitored for gaseous
hydrocarbons by the headspace (HS) gas technique (Tables 12.6-T1 and -T2: Fig. 12.6-F1).
A total of 30 HS samples were analyzed using the GC3 system. In addition, 18 of these
samples were also analyzed using the NGA. Data reported are in parts per million by
volume (ppmv).

Figure 12.6-F1. Hydrocarbon gases from Hole U0065A. Concentrations of methane (in
ppmv) for Hole U0065A versus depth (meters below seafloor). Black bars on the left
indicate recovery for each core.
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Table 12.6-T1. Headspace gas concentrations from Site U0065 measured using GC3.

Table 6.6-T2. Headspace gas concentrations from Site U0065 measured using NGA.
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Headspace methane concentrations were relatively high in all samples with a
maximum of 398,674 ppmv at the bottom of the hole in Sample U0065A-21R-7, 0-1 cm
(197.03 mbsf). Ethane was present in all samples, and the higher hydrocarbons (propane
through butanes) were present in most samples from Core U0065A-9R downwards. Ethane
and propane concentrations increased erratically but steadily with depth. The C1/C2 ratio
was initially high (4,964) in Sample U0065A-5R-5, 81-83 cm (41.57 mbsf), but decreased
rapidly with increasing depth before leveling off at C1/C2 of about 260‒290 at a depth of
113.4 mbsf and below.

12.6.2 Carbon and Nitrogen Analyses
Inorganic carbon (IC), total carbon (TC), total organic carbon by difference
(TOCCHNS), and total nitrogen (TN) were analyzed in 57 sediment samples from Hole
U0065A (Table 12.6-T3, Figs. 12.6-F2 and -F3). Due to poor recovery, no samples could be
taken from Cores U0065A-1R to -4R (0.0–35.2 mbsf).

Figure 12.6-F2. Total organic carbon and CaCO3 from Hole U0065A. Total organic carbon
content (wt%, black line) and calcium carbonate content (wt%, blue line) for a selected
number of samples at Hole U0065A. Black bars on the left indicate recovery for each core.
At Hole U0065A, carbonate content is variable with increased amounts (>20 wt%)
in Cores U0065A-10R, -11R, -15R, -16R, and -19R. Organic carbon content is moderate (2–5
wt%) throughout most of Hole U0065A. Exceptions are samples from Sections U0065A-8R6, -14R-6, and -16R-6, which have TOC of 8.4 to 8.7 wt%.
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The nitrogen content varies from 0.3 to 0.6 wt%. The C/N ratios at Site U0065 vary
from 5 to 16 (Fig. 12.6-F3), generally proportional with organic carbon content, and
indicate a marine source for organic matter.
Table 12.6-T3. Carbon and elemental analyses from Site U0065. (Continued on next page).
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Figure 12.6-F3. Total organic carbon and C/N ratios from Hole U0065A. Total organic
carbon content (wt%, black line) and C/N ratios (green line) for a selected number of
samples at Hole U0065A. Black bars on the left indicate recovery for each core. C/N ratios
around six are typical for marine algae, whereas C/N ratios greater than 15 are typical for
higher land plants (Stein et al., 1989).
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12.6.3 Organic Matter Pyrolysis
A total of 32 samples from Hole U0065A were characterized by Source Rock
Analyzer (SRA) pyrolysis (Table 12.6-T4). The organic carbon content estimate obtained
using SRA pyrolysis is in relatively good agreement with the results of the carbon and
elemental analyses. The TOC from SRA is about 95% of the TOC by difference from the
elemental and carbonate analyses.
Table 12.6-T4. Pyrolysis (SRA) evaluation of organic matter from Site U0065.

Due to poor recovery, no samples could be taken from Cores U0065A-1R to 4R (0.0–
35.2 mbsf). The entire section cored at Site U0065 appears to have moderate hydrocarbon
source potential based on S2 yields in excess of 2.5 mg/g. A total of about 50 m of
cumulative cored section (from 40 to 60 mbsf and from 125 to 155 mbsf) appears to have
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very good to excellent source potential with S2 yields in the range of 12 to 32 mg/g. The
average content of inert carbon at Hole U0065A is about 2.6%.
The plot of hydrogen index (HI) vs. oxygen index (OI) (Fig. 12.6-F4) shows that
Cretaceous samples from Hole U0065A contain organic matter with pyrolysis response that
is consistent with marine Type II kerogen, supporting the conclusion based on the
moderate C/N ratios. Samples from Sections U0065A-11R-5 and -19R-3 have greater than
50% carbonate and higher OI values (64 and 85 mg CO2/g C) due to pyrolytic
decomposition of unstable carbonates.

Figure 12.6-F4. Hydrogen index vs. oxygen index from Hole U0065A. Roman numerals I–III
indicate different types of kerogen.
Tmax values range from 405 to 432°C and are inversely proportional to organic
matter content. Samples with less than 5 wt% TOC have average Tmax of 427°C, whereas
samples with 5% and above have average Tmax of 412°C. The Tmax of the lower carbon range
samples probably reflects the average 2.6% of inert or recycled carbon, whereas the higher
carbon range mainly reflects the preserved primary productivity organic matter that has
hydrocarbon generating potential. If the Tmax of 412°C represents the primary organic
matter component, then the rocks in this section are immature with respect to
hydrocarbon generation, and have maximum burial depths of less than 1 km.
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13.1 Site Summary
13.1.1 Highlights
Site U0021 (75° 46.6863’N, 66° 34.9705’W, 544.9 m water depth) was a primary
target that was cored to a total depth of 60.0 m with 26.68 m of recovery (44%). After
coring rocks of presumed Proterozoic–Paleozoic age up-section at Site U0047 (see section
“11.1 Site Summary”, Site U0021 was occupied to confirm that the rocks at Site U0047 were
in place and older than the Cretaceous–Tertiary succession targeted during the expedition.
Although Site U0021 did not reach the pre-expedition target depth of 600 mbsf, results
from the site did accomplish several objectives. Highlights include:








Determining that the primary lithologies are alternating beds of reddish dolomitic
mud-, silt-, and sandstones and gray dolomitic/calcitic rocks, similar to the
lithologies observed at the base of Sites U0047, U0110, and U0080. These lithologies
are also similar to the Neoproterozoic Narssarssuk Group outcropping in
northwestern Greenland.
Obtaining paleolatitude based on inclination data indicating that the carbonate rocks
underlying the diamicts were likely deposited at low latitudes, and thus are
Proterozoic‒Paleozoic in age, as Greenland was located near the equator at those
times.
Finding that no Cretaceous or Tertiary section underlies the Quaternary glacial
sediments, and that the unconformity at ~9.6 mbsf is a glacial erosion surface, with
a hiatus of about 400–650 m.y.
Reconstructing the paleoenvironmental setting for the rocks below the
unconformity from sedimentological evidence to conclude that Site U0021 was
located in a low supra- to sub-tidal sabkha-like environment.
Characterizing seismic velocity, porosity, and density of the rock units.

13.1.2 Background and Objectives
Site U0021 was originally denoted as part of the Site 2 region in the GEMS
Geophysical Report (GEMS International Group of Companies, 2011, unpublished report),
as Site USC021 prior to the start of the Baffin Bay Scientific Coring Program (BBSCP), and,
once coring began, as Site U0021 to comply with site-naming conventions commonly used
on the JOIDES Resolution.
Site U0021 is located on the northwest Greenland continental shelf, at the southeast
end of the Kap York Basin and near the western edge of the Melville Bay Graben (Figs. 13.1F1 and -F2). This is the northernmost site cored during the expedition. The seismic
reflection profiles across the site show a flat-lying sequence of younger sediments,
interpreted prior to the expedition as Quaternary glacial sediments, overlying a southerly
dipping sequence of pre-Quaternary strata, which were thought to be Cretaceous age (Fig.
13.1-F3).
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Figure 13.1-F1. Structural elements of Melville Bay area (after Whittaker et al., 1997).
The primary objectives for coring were to:




Obtain stratigraphic information about the cored section, with a focus on the
lithologies, ages, and paleoenvironmental settings;
Estimate potential source rock characteristics;
Determine the physical properties of the rock units for evaluating potential
reservoir properties and improving seismic velocity models (depth vs. time curves).

13.1.3 Coring Summary
A single RCB hole was cored to a total depth of 60.00 mbsf at Site U0021 (Table
13.1-T1). In total, 26.68 m of core were recovered from the ten cores collected from Hole
U0021A, with 9.6 m in the Quaternary section and the other 17.08 m in the Cretaceous
section. The average rate of penetration was 2.6 m/hr. Additional coring statistics are
provided for the hole, cores, and sections in Tables 13.1-T1 and -T2, and Appendix Table
13.1-AT1, respectively.
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Figure 13.1-F2. Site location with bathymetry and seismic lines.

Figure 13.1-F3. Crossing seismic reflection profiles through Site U0021.
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Table 13.1-T1. Hole summary for Site U0021.

Table 13.1-T2. Core summary for Site U0021.

13.1.4 Science Results
13.1.4.1 Lithology
The sediments of Site U0021 are divided into two lithostratigraphic units (Fig. 13.1F4). Unit I (0–9.60 mbsf) consists of light brownish gray diatomaceous clast-poor sandy
diamict and dark gray clast-poor sandy diamict. These sediments are interpreted to record
post-glacial open-marine to hemipelagic glacimarine deposition and subglacial to iceproximal glacimarine deposition, associated with an ice shelf. Open marine conditions were
characterized by high primary productivity based on high abundances of diatoms in the
upper 1.25 m of the unit.
Lithostratigraphic Unit II (9.6–60.0 mbsf) is comprised of alternating beds of
reddish dolomitic mud-, silt-, and sandstones and gray dolomitic/calcitic rocks. The reddish
sediment this unit is both texturally and color mottled. Gray dolomitic/calcitic rocks are
massive to wavy or sub-horizontally laminated, with sparse bird’s eye features and subcentimeter scale vugs. Pressure solution of these rocks is evidenced by stylolites in both the
horizontal and vertical directions. Sediments from Unit II are interpreted to record
deposition in a very shallow protected marine setting above wave-base on a siliciclasticinfluenced carbonate platform.
13.1.4.2 Ages
The chronostratigraphy at Site U0021 is constrained by the presence of diatoms in
the upper 1.6 m of the site. In addition, the natural remanent magnetization (NRM)
measured before and after magnetic cleaning was used to determine the
magnetostratigraphic polarity. Lithostratigraphic Unit I (0‒9.60 mbsf) is Quaternary in age
based on the presence of an assemblage of modern, Arctic, open marine diatoms in the
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uppermost part of the unit indicating an age of <0.305 Ma. The normal polarity within this
interval is assigned to the Brunhes Chron (C1n; 0‒0.781 Ma).
The age of Lithostratigraphic Unit II (9.6‒60.0 mbsf) is unconstrained
biostratigraphically as it is barren of micro- and macrofossils, although it does contain
minor amounts of aquatic amorphous organic material. High-resolution demagnetization
and subsequent principal component analysis of the magnetic signal of Cores U0021A-6R
through -10R yielded shallow inclinations along with a steep and normal overprint. These
paleomagnetic data, together with the presence of carbonate rocks likely deposited in a
warm, shallow water environment (see section “13.3 Lithostratigraphy”), indicate a low
paleolatitude at the time of deposition. Paleogeographic reconstructions (Scotese and
McKerrow, 1990) place Greenland close to the equator at various times during the
Proterozoic and Paleozoic, suggesting a similar age for Lithostratigraphic Unit II.
13.1.4.3 Facies and Paleoenvironmental Setting
Four lithofacies are identified at Site U0021 based on differences in sediment
texture and composition. Facies 1 is muddy, sandy and biosiliceous with a few granule- to
pebble-sized clasts. Diatoms are the dominant form of biosilica in these sediments, with
minor abundances of sponge spicules. Facies 2 is similar to Facies 1, but contains
significantly less diatoms and is darker gray in color. Facies 1 and 2 are interpreted as
hemipelagic glacimarine and more proximal glacigenic depostis, repectively.
Textural and color mottled “reddish” rocks comprise Facies 3. They are a jumbled
mixture of siliciclastic grains and dolomite with minor amounts of gypsum and pyrite.
Where the sedimentary layers are less disturbed, a well-sorted siltstone preserves
evidence of weak wave and current action in the form of oscillation and low angle climbing
ripples. Facies 4 is composed of gray carbonate (dolomitic/calcitic) rocks that are massive
to thinly laminated. Facies 3 and 4 are interpreted as supra- to sub-tidal deposits formed in
a sabkha-type environment. This depositional setting likely experienced periodic isolation
from a carbonate platform in an open marine environment, which led to evaporative,
hypersaline conditions (e.g., sabkha). Evaporative conditions would have facilitated the
precipitation of mineral salts, which would disrupt the original sedimentary structures,
creating the mottled texture we observed. Facies 3 was likely deposited during more
evaporative, restricted conditions, whereas deposition of Facies 4 likely occurred during
periods of relatively higher sea level when marine waters flooded the area.
13.1.4.4 Physical Properties
The physical properties of the Proterozoic–Paleozoic rocks at Site U0021 reflect the
contrasting lithologies recovered. In particular, meter-scale alternating beds of reddish
dolomitic rocks and more aluminosilicate-rich gray carbonate cemented mudstones,
siltstones, and sandstones are readily identified by their levels of magnetic susceptibility
and natural gamma radiation. Dolomitic intervals are characterized by very low magnetic
susceptibility (~1.3 × 10-4 SI) and natural gamma radiation (14 ± 6 cps). In contrast,
mudstones, siltstones, and sandstones exhibit higher magnetic susceptibility and natural
gamma radiation (~4.12 × 10-5 SI and 74 ± 11 cps), reflecting their higher aluminosilicate
mineral content.
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Moisture and density values show little variation between lithologies, with most
grain densities slightly higher than is common for pure aluminosilicates due to strong
dolomite cementation (Fig. 13.1-F4). Mudstones and siltstones have an average grain
density of 2.76 g/cm3, porosities from 11% to 19%, and P-wave velocities >3200 m/s for
the vertical (z) axis. Dolomitic rock grain densities (2.79 ± 0.04 g/cm3) are close to those of
pure dolomite (2.86 g/cm3), whereas their porosities are 17.2% ± 9.2%. The low porosity
of these rocks is consistent with their very high P-wave velocities (Vp(z) >4300 m/s),
indicating the potential for strong acoustic reflectors where these lithologies are
interbedded. Dolomitic rocks show very little (<5%) systematic difference in velocity
between vertical and horizontal directions. Considering both lithologies together, P-wave
velocities are at least ~500 m/s higher than the pre-drilling estimate (2700 m/s),
indicating any seismic reflectors located at depth within similar rock types are likely to be
considerably deeper than originally estimated. The physical properties of Unit II at Site
U0021 are similar to those observed in the same lithologies encountered at Sites U0047,
U0080, and U0110.
13.1.4.5 Geochemistry
Headspace methane concentrations were always below 450 ppmv in Hole U0021A.
Traces of ethane were present in Cores U0021A-1R, -5R, and -9R. Where ethane was
present, methane/ethane (C1/C2) ratios were low with values between 130 and 280. Higher
hydrocarbons were absent at Hole U0021A.

13.1.5 References
Scotese, C.R. and McKerrow, C.R., 1990. Revised world maps and introduction. In McKerrow,
W.S. and Scotese, C.R. (Eds.), Palaeozoic Palaeogeography and Biogeography. Geological
Society Memoir, No. 12, 1‒21.
Whittaker, R.C., Hamann, N.E., and Pulvertaft, T.C.R., 1997. A new frontier province offshore
northwest Greenland: structure, basin development, and petroleum potential of the
Melville Bay area. American Association of Petroleum Geologists Bulletin, 81, 978–998.
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13.2 Operations
13.2.1 Transit to Site U0021
After encroaching icebergs, coupled with headspace gas measurements averaging
over 200,000 ppmv in two consecutive samples forced termination of coring activities at
Site U0065, the JOIDES Resolution (JR) departed the site at 2018 hrs on 23 September 2012,
on route to Site U0021 (Fig. 13.2-F1). The 8.8 nmi transit took 1.4 hours at an average
speed of 6.3 knots.

Figure 13.2-F1. Location map of sites cored during the Baffin Bay Scientific Coring Program.

13.2.2 Site U0021 Operations
Coring operations at Site U0021 began at 2142 hrs on 23 September 2012.
Operations for the first 3.5 hours at the site included lowering the thrusters, positioning the
vessel over the site, making up the bottom-hole assembly (BHA), and lowering the drill bit
to near the seafloor. The vibration-isolated television (VIT) was then deployed to conduct a
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seabed biota survey. These and other Site U0021 operations are listed in chronological
order in Table 13.2-T1 and illustrated in Figure 13.2-F2.

Figure 13.2-F2. Planned and actual operations at Site U0021.
Hole U0021A was spudded with the rotary core barrel (RCB) system at 0315 hrs on
24 September 2012. Coring proceeded to Core U0021A-3R (15.6–18.0 mbsf), when an
approaching iceberg and growler field forced suspension of coring activities at the site.
Prior to pulling out of the hole, a free-fall funnel (FFF) was deployed to facilitate reentry at
a later time. The bit was pulled clear of the seafloor and the vessel maneuvered in dynamic
positioning (DP) mode to avoid approaching ice. As the ice was not supposed to clear for
some time, the vessel was secured for transit and the JR departed Site U0021 for Site
U0065 at 1712 hrs on 24 September 2012.
After completing coring activities at Sites U0065 and U0060, the vessel returned to
Site U0021 at 0342 hrs on 28 September 2012 to deepen the hole with the time remaining
in the program. We reentered Hole U0021A at 0726 hrs on 28 September and washed and
reamed to total depth (TD) at 18.0 mbsf. Cutting of Core U0021A-4R was halted after
advancing only 0.30 m due to encroaching ice. After retrieving the core barrel and pulling
the bit clear of the seafloor, we spent approximately 2.4 hours waiting on ice (WOI) before
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again reentering the hole at 1246 hrs on 28 September. Cutting of Core U0021A-5R (18.3–
19.3 mbsf) was also interrupted by approaching ice, so again the drill bit was pulled free of
the seafloor. After about 4.25 hours of WOI, the hole was reentered at 1900 hrs on 28
September.
Cores U0021A-6R (19.9–24.9 mbsf) and -7R (24.9–34.7 mbsf) were cut before
another iceberg again halted coring activities at the site. This time the drill bit was raised to
near the seafloor, but remained in the hole, and coring resumed after only one hour of WOI.
Coring then proceeded uneventfully to 60 mbsf (Core U0021A-10R), at which point time
ran out for any further coring during the expedition. The drill string was tripped to the
surface and the rig secured for transit. We departed Site U0021 at 1900 hrs on 29
September 2012, on route to St. John’s and the end of the expedition.
Table 13.2-T1. Site U0021 operations.
Date

Time (hrs)

Hours

Location

Activity

23-Sep-12

2015-2145

1.50

Transit

23-Sep-12

2145-2200

0.25

Hole U0021A

Lower thrusters and hydrophones at site coordinates.

23-Sep-12

2200-2400

2.00

Hole U0021A

Make-up RCB BHA and lower drill string to 287.4 mbrf.

24-Sep-12

0000-0015

0.25

Hole U0021A

Continue to lower drill string to 428.0 mbrf.

24-Sep-12

0015-0030

0.25

Hole U0021A

Deploy VIT.

24-Sep-12

0030-0115

0.75

Hole U0021A

Lower drill string to 543.0 mbrf. Pick-up top drive, and
space out drill string.

Underway for Site U0021. Begin sea passage at 2018 hrs
and end sea passage at 2142 hrs.

24-Sep-12

0115-0315

2

Hole U0021A

Conduct seabed biota survey. Site cleared for spudding.
Tag seafloor with bit at 0245 hrs. Establish seafloor
depth at 556.4 mbrf and obtain Fugro location
coordinates from VIT mounted beacon. Recover VIT.

24-Sep-12

0315-1200

8.75

Hole U0021A

Begin top drive rotation for Hole U0021A at 0315 hrs.
RCB coring. Cut and recover Cores 1R and 2R to 15.6
mbsf (572.0 mbrf).

24-Sep-12

1200-1330

1.5

Hole U0021A

Continue RCB coring. Cut and recover Core 3R to 18.0
mbsf (574.4 mbrf). Suspend coring in Hole U0021A.
Iceberg and growler field approaching drill site.

24-Sep-12

1330-1400

0.5

Hole U0021A

Deploy FFF.

24-Sep-12

1400-1415

0.25

Hole U0021A

POOH with top drive. Clear seafloor at 1410 hrs.

24-Sep-12

1415-1615

2

Hole U0021A

Set back top drive and continue to POOH while moving
in DP mode to avoid approaching ice. Set back BHA. Bit
clear of rotary table at 1620 hrs.

24-Sep-12

1615-1715

1

Hole U0021A

Secure rig for transit. Pull thrusters and hydrophones.
Positioning beacon was not deployed at this site so there
was no beacon recovery required.

28-Sep-12

0230-0345

1.25

Transit

28-Sep-12

0345-0415

0.5

Hole U0021A

Underway to Site U0021. Begin sea voyage at 0230 hrs.
End sea voyage at 0342 hrs.
Lower thrusters and switch to DP mode at 0409 hrs.
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Date

Time (hrs)

Hours

Location

Activity

28-Sep-12

0415-0600

1.75

Hole U0021A

Make-up RCB BHA, space out core barrels. Lower drill
string to 456.0 mbrf.

28-Sep-12

0600-0615

0.25

Hole U0021A

Deploy VIT.

28-Sep-12

0615-0715

1

Hole U0021A

Continue to lower drill string to 543.0 mbrf. Pick-up top
drive and space out drill string.

28-Sep-12

0715-0730

0.25

Hole U0021A

Position vessel over cone and reenter Hole U0021A at
0726 hrs.

28-Sep-12

0730-0745

0.25

Hole U0021A

Recover VIT.

28-Sep-12

0745-0815

0.5

Hole U0021A

Drop wash barrel. Wash/ream to TD at 574.4 mbrf.

28-Sep-12

0815-0915

1

Hole U0021A

Recover wash barrel and deploy core barrel. Begin
cutting Core 4R to 18.3 mbsf (574.7 mbrf). Growler
approaching site at 1.6 knots.

28-Sep-12

0915-0930

0.25

Hole U0021A

POOH with top drive to 513.0 mbrf. Clear seafloor at
0925 hrs.

28-Sep-12

0930-1145

2.25

Hole U0021A

WOI.

28-Sep-12

1145-1200

0.25

Hole U0021A

Deploy VIT while moving back to drill site.

28-Sep-12

1200-1245

0.75

Hole U0021A

Move ship in DP mode back over site coordinates and
maneuver for reentry. Reenter Hole U0021A at 1246 hrs.

28-Sep-12

1245-1300

0.25

Hole U0021A

Recover VIT.

28-Sep-12

1300-1315

0.25

Hole U0021A

RIH to TD at 18.3 mbsf (574.7 mbrf).

28-Sep-12

1315-1400

0.75

Hole U0021A

Begin RCB coring. Cut Core 5R to 19.3 mbsf (575.7
mbrf). Growler approaching drill site.

28-Sep-12

1400-1415

0.25

Hole U0021A

Halt coring. POOH with top drive to 524.0 mbrf. Clear
seafloor at 1411 hrs.

28-Sep-12

1415-1830

4.25

Hole U0021A

WOI.

28-Sep-12

1830-1845

0.25

Hole U0021A

Deploy VIT.

28-Sep-12

1845-1900

0.25

Hole U0021A

Maneuver ship over location coordinates. Space out and
reenter Hole U0021A at 1900 hrs.

28-Sep-12

1900-1915

0.25

Hole U0021A

Recover VIT.

28-Sep-12

1915-2400

4.75

Hole U0021A

Resume RCB coring. Cut and recover Core 6R to 24.9
mbsf (581.3 mbrf). Cutting Core 7R at a depth of 26.6
mbsf (583.0 mbrf).

29-Sep-12

0000-0315

3.25

Hole U0021A

Continue RCB coring. Cut and recover Core 7R to 34.7
mbsf (591.1 mbrf). Iceberg approaching drill site.

29-Sep-12

0315-0330

0.25

Hole U0021A

POOH with top drive to 14.6 mbsf (571.0 mbrf).

29-Sep-12

0330-0415

0.75

Hole U0021A

WOI.

29-Sep-12

0415-0430

0.25

Hole U0021A

RIH to TD at 34.7 mbsf (591.1 mbrf).

29-Sep-12

0430-1315

8.75

Hole U0021A

Resume RCB coring. Cut and recover Cores 8R through
10R to 60.0 mbsf (616.4 mbsf). Layout core and core
barrels.
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Date

Time (hrs)

Hours

Location

Activity

29-Sep-12

1315-1345

0.5

Hole U0021A

POOH with top drive to 60.0 mbsf (616.4 mbrf).

29-Sep-12

1345-1415

0.5

Hole U0021A

Set back top drive and layout safety sub.

29-Sep-12

1415-1500

0.75

Hole U0021A

Continue to POOH to BHA.

29-Sep-12

1500-1700

2

Hole U0021A

Layout drill collars and break down OCB assembly. Bit
clear of rotary at 1630 hrs. Layout bit/subs.

29-Sep-12

1700-1845

1.75

Hole U0021A

Install UGH and secure rig for transit.

29-Sep-12

1845-1900

0.25

Hole U0021A

Switch from DP mode to cruise mode at 1842 hrs. Pull
remaining thrusters/hydrophones. Begin sea voyage at
1900 hrs.

29-Sep-12

1900-2400

5

Transit

Underway for St. John’s, Newfoundland.
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13.3 Lithostratigraphy
13.3.1 Overview
One hole was drilled with the rotary core barrel (RCB) at Site U0021. Hole U0021A
was cored to a total depth of 60.0 mbsf, with 26.68 m of sediment and sedimentary rock
recovered in 10 cores (Fig. 13.3-F1), for an average recovery of 44.5%. Sediments
recovered in Core U0021A-1R (0–9.6 mbsf) are diatomaceous clast-poor sandy diamict,
underlain by clast-poor sandy diamict. From Core U0021A-2R to the base of Hole U0021A
(9.6–60.0 mbsf), the sediments are dominated by mottled dusky red, dark reddish brown
and gray dolomitic mudstone, siltstone and sandstone lithologies (e.g., sandy mudstone,
muddy sandstone, sandy siltstone, siltstone with sand) with minor to moderate
abundances of calcite and laminated carbonate (dolomitic/calcitic) rocks in various shades
of gray. Hematite was identified in smear slide and some XRD analyses, and is likely
responsible for the deep red coloration of the mud-, silt- and sandstones (Table 13.3-T1
and –T2, see section “13.3.6 XRD Analyses”). Gypsum and pyrite were also identified in
smear slides and thin sections (Table 13.3-T3) as minor components of the sediment but
were not differentiated in XRD analysis.
Table 13.3-T1. Bulk XRD results from Site U0021.

13.3.2 Lithostratigraphic Units
Two lithostratigraphic units are defined at Site U0021 based on vertical changes in
the distribution of lithofacies (Fig. 13.3-F2). Lithostratigraphic Unit I (0–9.6 mbsf) consists
of ~1.25 m of light brownish gray diatomaceous clast-poor sandy diamict, underlain by
~50 cm of dark gray clast-poor sandy diamict. Sediments from Lithostratigraphic Unit I are
interpreted to record post-glacial open-marine hemipelagic to distal glacimarine
deposition and subglacial to ice-proximal glacimarine deposition, associated with a
grounded icesheet or an ice shelf. Open-marine conditions were characterized by high
primary productivity based on high abundances of diatoms in the upper part of the unit.
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Lithostratigraphic Unit II (9.6–60.0 mbsf) is dominated by alternating beds of
reddish dolomitic mud-, silt- and sandstones and gray dolomitic/calcitic rocks. The reddish
sediment usually displays both textural and color mottling. Where the sedimentary layers
are less overprinted, a well-sorted siltstone preserves evidence of weak wave and current
action in the form of oscillation and low angle climbing ripples. Although not recognized
during visual core description, gypsum and pyrite are present in these rocks (Table 13.3T3). Gray dolomitic/calcitic rocks display a variety of bedding features including wavy and
sub-horizontal lamination and sub-cm-scale vugs. Pressure solution of these rocks is
evidenced by stylolites in both the horizontal and vertical directions. Sediments from
Lithostratigraphic Unit II are interpreted to record deposition in a very shallow protected
marginal marine setting on a siliciclastic-influenced restricted carbonate platform. This
depositional setting likely experienced periodic isolation from the open ocean, which led to
evaporative, hyper-saline conditions (e.g. sabkhas). During these periods deposition of
terrigenous material from the continent increased relative to carbonate, which was likely
supplied from a nearby carbonate platform by storm events (Mount, 1984). Evaporative
conditions would have facilitated the precipitation of mineral salts, the ingrowth of which
likely disrupted the original sedimentary structures and produced the mottled texture of
the red-colored sediments.

Figure 13.3-F1. Lithology and recovery at Site U0021.
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Table 13.3-T2. Clay XRD results from Site U0021.

Figure 13.3-F2. Lithostratigraphic summary of Hole U0021A.
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13.3.3 Facies Descriptions
Four lithofacies were identified at Site U0021 based on differences in sediment
texture and composition.
13.3.3.1 Facies 1 – Light Brownish Gray Diatomaceous Clast-Poor Sandy Diamict
Facies 1 forms the upper 1.25 m of Core U0021A-1R (Fig. 13.3-F3). The sediment is
muddy, sandy and biosiliceous with a few granule- to pebble-sized clasts. Diatoms are the
dominant form of biosilica in these sediments, with minor abundances of sponge spicules.
The sediment of Faces 1 is quite soft and was disturbed by drilling/coring, but likely has
common to moderate levels of bioturbation.
13.3.3.2 Facies 2 – Dark Gray Clast-Poor Sandy Diamict
This lithofacies (Fig. 10.3-F4) is also muddy sand with a few clasts, but contains
significantly less diatoms and is darker gray in color. Facies 2 appears massive with granule
to pebble-size clasts of gneisses, granites and limestone.

Figure 13.3-F3. Photograph of light
brownish gray diatomaceous clast-poor
sandy diamict of Facies 1 (Interval
U0021A-1R-1, 40-45 cm).

Figure 13.3-F4. Photograph of dark gray
clast-poor sandy diamict of Facies 2
(Interval U0021A-1R-2, 52-58cm cm).
Large whitish clast is sedimentary
limestone.

13.3.3.3 Facies 3 – Mottled Dusky Red, Dark Reddish Brown and Gray Variations of Dolomitic
Mudstone/Siltstone/Sandstone
Mottled reddish dolomitic mudstone/siltstone/sandstone (Fig. 13.3-F5) is the most
abundant lithofacies in the section recovered at Site U0021, forming approximately 67% of
the sedimentary rock below 9.6 mbsf (Fig. 13.3-F2). In general, Facies 3 is heterolithic.
Siliciclastic sands, silts and clays are mixed with or cemented by dolomicrite to dolosparite.
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Silt- to sand-sized dolomite rhombs are observed in smear slides (Fig. 13.3-F6). Siliciclastic
minerals include quartz, plagioclase and K-feldspars as well as minor amounts of mica
(Table 13.3-T1, see section “13.3.6, XRD Results”). Coarser grained siliciclastics are more
abundant in the upper part of Unit II (e.g., Cores U0021A-2R and 3R) with finer-grained
mudstones dominating the lithofacies deeper in Hole U0021A.

Figure 13.3-F5. Photograph of Facies 3 dusky red sandy mudstone with gray mottling
(Interval U0021A-5R-1, 58-68 cm).

Figure 13.3-F6. Smear-slide photograph of silt-sized rhombic dolomite crystals. Smear slide
from U0021A-2R-CC, 22 cm, plane-polarized light (left), cross-polarized light (right).
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The dolomitic mudstone/siltstone/sandstone is stratified with a wavy style of
bedding disrupted by both textural and color mottling (Fig 13.3-F7). Some of the mottling
may be due to bioturbation but most appears to be the result of diagenetic overprinting.
Reds with lesser amounts of pale yellow and gray-green or dark gray dominate the color.
The reddish coloration is due to the presence of hematite (Table 13.3-T1, see 13.3.6, XRD
Results), an iron-oxide mineral. The presence of hematite also accounts for the elevated
magnetic susceptibility observed for these rocks (see section “13.5 Physical Properties”).

Figure 13.3-F7. Photomicrograph of color and textural mottling in disrupted bedding of
Facies 3 (Interval U0021A-2R-1, 0-4 cm). Note that while silt- to sand-sized siliciclastics
are common, finely laminated carbonates are also present.
Facies 3 is often poorly stratified, with quartz-rich sands appearing as pockets or
discontinuous layers in dolomitic silt- or mudstones. Soft-sediment deformation is
common. However one thick bed in Section U0021A-3R-1 is very well-sorted and wellstratified siltstone with parallel to sub-parallel laminations and oscillation ripples (Fig
13.3-F8). This well-stratified bed is topped by dolomite-filled cracks that are likely the
result of desiccation (Fig 13.3-F9). In situ brecciation is indicated by local presence of
mudstone clasts throughout this lithofacies. Larger calcite and/or dolomite crystals,
sometimes with associated gypsum, are occasionally found concentrated in irregular
pockets (Table 13.3-T3). Other platy carbonate crystal aggregates occur frequently and
may be psuedomorphs after gypsum. Vestiges of fenestral porosity are also evidenced by
the color mottling but have largely been filled with dolomicrosparite.
13.3.3.4 Facies 4 – Light Gray to Dark Gray, Brown and Black Dolomite with minor Calcite
Facies 4 is composed of black or brown to (light) gray dolomitic rock with minor
amounts of calcite. Texturally, these rocks range from dolomicrite to dolospar. The latter is
present in Interval U0021A-7R-3, 81 cm through 8R-1, 89 cm which appears massive and
vuggy with stylolites (Fig. 13.3-F10). Dolomicritic intervals often display thin beds to
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medium-thick laminations separated by thin darker clayey laminae (Fig. 13.3-F11). Wavy
to nodular bedding is also common, sometimes with evidence of desiccation fracturing or
sparse “bird’s eye” structures (Fig. 13.3-F12). Bioturbation appears to be absent. Dark gray
rocks in Interval U0021A-7R-2, 143 cm to 7R-3, 7 cm contain abundant light gray rip-up
clasts that are reminiscent of shell fragments and other bioclasts. However, no definitive
biogenic structures were discernable in thin section analysis. The clasts are composed of
micrite surrounded by dolomite/calcite spar cement (Fig. 13.3-F13).

Figure 13.3-F9. Photograph of desiccation
cracks in Facies 3 (Interval U0021A-3R-1,
17-24 cm). Black arrows indicate location
of cracks.

Figure 13.3-F8. Photograph of oscillation
ripples preserved in well-sorted siltstone
of Facies 3 (Interval U0021A-3R-1, 49-58
cm). Note also sub-horizontal lamination
and low angle climbing ripples from 5357cm.

Facies 4 occurs in meter-scale beds intercalated between Facies 3 beds of equal to
greater thicknesses. Contacts between lithofacies are often gradational color boundaries
between dolomicrite (Facies 3) and reddish dolomitic mudstones (Facies 4) (e.g. Fig. 13.3F14). However, a brecciated contact in Section U0021-9R-1 occurs where a laminated
dolomitic crust is broken into several pieces and mixed with the overlying muddy strata of
Facies 3 (Fig.13.3-F15).

13.3.4 Facies Interpretations
Facies 1 is interpreted as a post-glacial hemipelagic glacimarine deposit based on its
characteristics, its stratigraphic position, the presence of diatoms, and the location of Site
U0021. The presence of terrigenous sand and some dispersed gravel suggests ice transport,
either as ice-rafted debris (IRD), by detached anchor ice, or from the surface of melting sea
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ice. The abundance of diatoms records high productivity in the surface waters at the same
time, probably as a result of water-column mixing due to winds or sea-ice edge effects.
Table 13.3-T3. Thin section results from Site U0021.

The clast-poor sandy diamict of Facies 2 is interpreted as a more proximal glacigenic
deposit. The most likely depositional setting for the clast-poor sandy diamict is a proximal
glacimarine environment with primary productivity somewhat limited by ice cover. The
presence of some diatoms suggests occasional open-water conditions, but the clasts and
sand in Facies 2 also may be “rain-out till” formed beneath an ice shelf.

Figure 13.3-F10. Photograph of stylolite in massive vuggy dolomictic rock of Facies 4
(Interval U0021A-7R-3, 108-112 cm.)
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Facies 3 and 4 are interpreted as supra- to sub-tidal deposits formed in a sabkhatype environment. Facies 3 was likely deposited during more evaporative, restricted
conditions, while deposition of Facies 4 likely occurred during periods of relatively higher
sea level when marine waters flooded the area. The abundance of dolomite and calcite in
both lithofacies implies proximity to a marine carbonate platform. Features such as
oscillation ripples, parallel laminations and grain-size sorting indicate deposition in
shallow water conditions above wave-base. The lack of well-defined current ripples
indicates the environment was sheltered and likely experienced extremely weak tidal flow,
perhaps in a lagoonal type setting. The laminated dolomicritic rocks were likely deposited
originally in shallow quiescent waters as calcitic muds and subsequently were
diagenetically altered to dolomite (e.g., Touir et al., 2009; Beales, 1972). The massive vuggy
texture and wavy laminae of some dolostones of Facies 4 are similar to those produced by
algal mats in shallow lagoons.

Figure 13.3-F12. Photograph of bird’s eye
structures in laminated dolostone
(Interval U0021A-7R-2, 95-101 cm.)

Figure 13.3-F11. Photograph of thin beds
to lamination in dolomitic rock of Facies 4
(Interval U0021A-7R-1, 124-130 cm.)

The relatively high siliciclastic content of the dolomitic mud-/silt-/sandstones of Facies 3
indicates a continental supply of sediment, which would have dominated sediment input as
the depositional environment became cut off from the marine carbonate platform. As the
lagoon became more restricted, terrigenous sources would have supplied proportionally
more sediment and salinity would have increased. This type of transition would likely be
accompanied by a decline in biodiversity, leaving algal and bacterial mats to dominate the
environment (Sellwood, 1986). Many types of algal and bacterial mats precipitate
carbonate in layers and could be the source of the finely laminated carbonate pieces
observed within Facies 3 (see Figure 13.3-F7) and Facies 4. Decay of algal/bacterial organic
matter produces gas bubbles that may disturb sedimentary bedding. In addition,
precipitation of evaporative minerals is common in these environments and often disrupts
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the original sedimentary fabric (Kendall, 1984). Ingrowth of displacive halite, gypsum and
anhydrite crystals thus provides a plausible mechanism for the textural mottling observed
in Facies 3. We do observe a small amount of gypsum in these rocks (Fig 13.3-F16), as well
as dolomitic crystal aggregates that appear to be pseudomorphs after gypsum or anhydrite.
The presence of fenestral fabrics, “bird’s eye” structures and desiccation cracks in both
Facies 3 and 4 lends additional support to this interpretation.

Figure 13.3-F13. Micritic carbonate intraclasts in sparite (Interval U0021A-5R-1, 13-15
cm). Some intraclasts are shaped like biogenic fragments but no definitive internal
structures can be identified in thin section. Plane-polarized light (top), cross-polarized light
(bottom).

13.3.5 Unit Descriptions and Interpretations
Based on visual core descriptions and smear slide analyses, the sediments at Site
U0021 are divided into two lithostratigraphic units.
13.3.5.1 Unit I
Interval: U0021A-1R-1, 0 cm through -2R-1, 0 cm
Depth: 0–9.6 mbsf
Age: Quaternary
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Unit I is composed of the soft light brownish gray clast-poor sandy diamict which is
diatom-rich (Facies 1), underlain by the less diatomaceous dark gray clast-poor sandy
diamict of Facies 2. Clasts within the diamicts are gneisses, granites and sedimentary
limestones.

Figure 13.3-F14. Photograph of gradational color contact between Facies 3 and Facies 4
above (Interval U0021A-8R-1, 90-124 cm.)
The stratigraphic position of Unit I and the characteristics of Facies 1 and 2 support
the interpretation of these sediments as postglacial hemipelagic (Facies 1) to ice-proximal
(Facies 2) glacimarine deposits. The vertical succession of these lithologies in Core
U0021A-1R is consistent with a progressively more open water sequence, grading upward
from proximal glacimarine deposits with possible sub-ice “rain-out” diamict and limited
open water conditions through open-water hemipelagic deposits of diatomaceous muds
and ice-rafted sands and gravels.
13.3.5.2 Unit II
Interval: U0021A-2R-1, 0 cm through -10R-4, 81 cm
Depth: 9.6–60.0 mbsf
Age: Paleozoic–Proterozoic
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Unit II is dominated by the mottled reddish to gray dolomitic
mudstones/siltstones/sandstones of Facies 3, interbedded with massive to laminated light
gray, gray, brown or black dolomitic/calcitic rocks of Facies 4. The compositional and
textural characteristics of Facies 3, combined with the composition, bedding styles and
sedimentary structures of Facies 4, indicate that Unit II was deposited in a shallow
restricted carbonate platform environment which periodically “dried-out” and experienced
episodes of terrigenous sediment input, desiccation and evaporative mineral ingrowth.

Figure 13.3-F15. Photograph of brecciated contact between Facies 4 laminated dolostone
and Facies 3 above (Interval U0021-9R-1, 107-117 cm).
The wavy laminations and vuggy textures of layered dolomite found in Facies 4 are
reminiscent of calcitic structures produced by algal mats in shallow lagoons sheltered
behind larger shoal-rimmed carbonate platforms (Sellwood, 1986). The textural mottling
observed in Facies 3 can be related to displacive evaporative mineral growth, which is
observed in modern marine sabkhas (Yecheili and Wood, 2002; Kendall, 1984).
Dolomitization is commonly associated with carbonate platform-type environments.
Dolomite forms diagenetically when magnesium-enriched groundwater penetrates porous
carbonates driving a chemical exchange reaction with calcite (Yecheili and Wood, 2002;
Adams and Rhodes, 1972). A similar diagenetic process whereby groundwater interacts
with iron in detrital minerals to produce hematite could also explain the reddish color
mottling we observe in Facies 3.
As a general rule, carbonate platforms are associated with low latitude, warm water
environments with high biological activity (carbonate production) (Sellwood, 1986). Thus,
we hypothesize that these sediments accumulated when Greenland was located at tropical
to sub-tropical paleolatitude (for supporting evidence see section “13.4
Chronostratigraphy”). This would suggest the age of Unit II is Paleozoic or older (see
section “11.3 Lithostratigraphy” for information regarding possible analogous geologic
formations identified on Greenland).
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13.3.6 X-Ray Diffraction Results
Bulk samples and clay fraction (<4 mm) from Unit II were analyzed with X-ray
diffraction (XRD) to determine composition and approximate abundances of minerals from
Site U0021 (Tables 13.3-T1 and –T2). Two samples were glycolated in order to distinguish
smectite in the clay mineral fraction. Details on XRD methodology and semi-quantitative
assessment of mineral contents are given in “Chapter 2. Methods” (see section "2.3
Lithostratigraphy“.

Figure 13.3-F16. Gypsum crystal coated with hematite stained dolomite (micritic). Smear
slide from U0021A-4R-CC, 2 cm, plane-polarized light (top), cross-polarized light (bottom).
All samples analyzed for XRD were strongly cemented, mostly with dolomite. Calcite
was present in minor amounts, except for one sample (U0021A-5R-1, 30-32 cm) in which
calcite was the dominant carbonate phase. The siliciclastic fraction is composed mostly of
quartz, but plagioclase and K-feldspars occur in all samples. Hematite was identified in
three samples (Table 13.3-T1).
Clay minerals of Unit II are dominated by illite and chlorite. Kaolinite appears less
abundant when compared with most Cretaceous samples from nearby sites. Smectite group
minerals and mixed illite-smectite or chlorite-smectite structures were not identified.
Other minerals in the clay fraction include dolomite, and lesser amounts of quartz, Kfeldspars, plagioclase and calcite (Table 13.3-T2).
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13.4 Chronostratigraphy
13.4.1 Introduction
The chronostratigraphy at Site U0021 is constrained by the presence of diatoms in
the upper 1.6 m of the site. In addition, the natural remanent magnetization (NRM)
measured before and after magnetic cleaning was used to determine the
magnetostratigraphic polarity. Lithostratigraphic Unit I (0‒9.60 mbsf) is Quaternary in age
based on the presence of an assemblage of modern, Arctic, open marine diatoms in the
uppermost part of the unit indicating an age of <0.305 Ma. The normal polarity within this
interval is assigned to the Brunhes Chron (C1n; 0‒0.781 Ma). The age of Lithostratigraphic
Unit II (9.60‒57.59 mbsf) is unconstrained biostratigraphically as it is barren of micro- and
macrofossils, although it does contain minor amounts of aquatic amorphous organic
material. High-resolution demagnetization and subsequent principal component analysis of
the magnetic signal of Cores U0021A-6R through -10R yielded shallow inclinations along
with a steep and normal overprint. These paleomagnetic data, together with the presence
of carbonate rocks likely deposited in a warm, shallow water environment (see section
“13.3 Lithostratigraphy”), indicate a low paleolatitude at the time of deposition.
Paleogeographic reconstructions (Scotese and McKerrow, 1990) place Greenland close to
the equator at various times during the Proterozoic and Paleozoic, suggesting a similar age
for Lithostratigraphic Unit II.

13.4.2 Biostratigraphy
Core-catcher samples from Site U0021 were examined for calcareous nannofossils,
foraminifera, diatoms, dinoflagellate cysts, pollen, and spores. The primary results for all
fossil groups are summarized in Figure 13.4-F1. The ~10 m of glacial sediments contain
very rare benthic foraminifera and a diverse assemblage of marine polar diatoms. Samples
from Lithostratigraphic Unit II (9.60–57.59 mbsf) are barren of all microfossil groups;
however, several samples contain minor amounts of aquatic amorphous organic material.
13.4.2.1 Calcareous Nannofossils
All ten samples examined for calcareous nannofossils from Site U0021 are barren
(Appendix Table 13.4-AT1).
13.4.2.2 Foraminifera
Four samples, U0021A-1R-CC, 4-8 cm (1.65 mbsf), -2R-CC, 29-34 cm (13.59
mbsf), -6R-CC, 22-25 cm (22.05 mbsf), and -10R-CC, 76-81 cm (57.54 mbsf) were analyzed
for foraminifera. Sample U0021A-1R-CC, 4-8 cm contains a single specimen of Reophax sp.
and the remaining samples are barren (Appendix Table 13.4-AT1).
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Figure 13.4-F1. Chronostratigraphic summary for Site U0021.
13.4.2.3 Diatoms
Well preserved diatoms occur in Sample U0021A-1R-CC, 4-8 cm (1.65 mbsf); below
this, all samples are barren (Appendix Table 13.4-AT1). The assemblage in Sample
U0021A-1R-CC, 4-8 cm (1.65 mbsf) includes typical marine polar diatom species Azpeitia
nodulifera, Chaetoceros resting spores, Coscinodiscus spp., Fragilariopsis oceanica,
Pseudoeunotia doliolus, Rhizosolenia hebetata, Rhizosolenia styliformis, Thalassiosira
gravida, and Thalassiothrix longissima. An age of late Pleistocene, less than 0.305 Ma, is
assigned to this sample based on the presence of the above listed taxa and the absence of
Proboscia curvirostris (last appearance datum [LAD] 0.295–0.305 Ma) and Thalassiosira
jouseae (LAD 0.295–0.305 Ma) (Koç et al., 1999).
13.4.2.4 Dinoflagellate Cysts
A total of six samples from Hole U0021A were examined for dinoflagellate cysts and
other palynomorphs (Appendix Table 13.4-AT1). Sample U0021A-3R-1, 75-79 cm (16.35
mbsf) is barren of organic material, whereas Samples U0021A-1R-CC, 4-8 cm (1.65
mbsf), -2R-CC, 29-34 cm (13.59 mbsf), -3R-2, 94-97 cm (17.93 mbsf), -5R-1, 78-82 cm
(19.08 mbsf), and -9R-CC, 17-22 cm (46.61 mbsf) contain minor amounts of aquatic
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amorphous organic material with a fluffy, clotted, spongy, and granular appearance (Fig.
13.4-F2).
13.4.2.5 Pollen and Spores
All six samples examined from Site U0021 are barren of pollen, spores, and other
structured terrestrial organic material (Appendix Table 13.4-AT1).

Figure 13.4-F2. Photomicrographs of typical palynofacies from Site U0021. Images
illustrate the presence of only unstructured aquatic amorphous organic material. All
images are from Sample U0021A-5R-1, 78-82 cm (19.08 mbsf).

13.4.3 Paleomagnetism
The investigation of magnetic properties from the nine cores with sufficient
quantities of sediment collected at Site U0021 included the measurement of bulk
susceptibility of whole-core and split-core sections and the natural remanent
magnetization (NRM) of archive-half sections (Appendix Table 13.4-AT2). Alternating field
(AF) demagnetization at 10 and 20 mT was conducted on all cores at 5-cm resolution. In
addition, Cores U0021A-2R and -3R were demagnetized at 25, 30, 35, 40, and 50 mT at 5cm resolution and Cores U00221A-6R through -10R at 0, 5, 10, 15, 20, 25, 30, 35, 40, 50,
and 60 mT at 1-cm resolution (Appendix Table 13.4-AT3) in an effort to extract an
inclination record for paleolatitude determination. Stepwise AF demagnetization on 15
discrete samples was performed at successive peak fields of 0, 5, 10, 15, 20, 25, 30, 35, 40,
50, and 60 mT to verify the reliability of the split-core measurements (Appendix Table
13.4-AT4). All but three samples yielded excellent fits with principal component analysis
(PCA; Kirschvink, 1980), having a maximum angular deviation of <5°, whereas the other
three have an acceptable <10°. The location of the discrete samples taken at Hole U0021A
is indicated in the inclination and declination panels of Figure 13.4-F3. We cleaned the
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split-core data extracted from the LIMS database by removing all measurements from
within 5 cm of the section ends. Although the rotary cores are fractured to varying degrees
by the drilling process, there were no specific intervals that needed to be removed from the
measurements because they might have caused problems with the magnetic
measurements.

Figure 13.4-F3. Summary of paleomagnetic data and magnetostratigraphy at Site U0021.
Discrete sample locations are indicated in the declination and inclination columns by red
symbols. The polarity stratigraphic interpretation is given with black intervals
representative of normal polarity and striped intervals indicating no recovery. A brief
reversed polarity interval at ~45 mbsf is not apparent in the 20-mT demagnetization data
represented in this figure, but obvious in the high-resolution PCA data of Figure 13.4-F5B.
NRM intensity, declinations, and inclinations prior to demagnetization are plotted with
blue symbols and after 20-mT demagnetization with green symbols.
13.4.3.1 Natural Remanent Magnetization and Magnetic Susceptibility
The intensity of NRM after 20-mT demagnetization ranges from ~10-7 to ~10-1 A/m,
with a mean of 7.3 × 10-3 A/m before and 4.2 × 10-3 A/m after AF demagnetization (Fig.
13.4-F3). Within the diamict of Lithostratigraphic Unit I (0–9.60 mbsf), the intensity is on
the order of 10-2 to 10-2 A/m (mean = 2.1 × 10-1 A/m) and in the sandstones and carbonates
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of Unit II (9.60–57.59 mbsf) the intensity drops by two orders of magnitude to a mean of
4.2 × 10-3 A/m.
A relatively stable magnetic component, which allows for the determination of
magnetic polarity, was preserved in both lithostratigraphic units. A magnetic overprint
with steep positive inclinations, which was probably acquired during drilling, was usually
erased by the 20-mT demagnetization step (Fig. 13.4-F4); however, directions of the NRM
show relatively large scatter in the weaker magnetic lithologies below 9.60 mbsf.

Figure 13.4-F4. Demagnetization results for six discrete samples. For each sample, the plot
to the left shows the vector end points of paleomagnetic directions on vector
demagnetization diagrams or modified Zijderveld plots (red squares are inclinations and
blue circles declinations), and the plot to the right shows the intensity variation with
progressive demagnetization. Those data outlined in black were used to compute mean
directions from principal component analysis.
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The demagnetization behavior of six discrete samples that yielded good PCA results
is illustrated in Figure 13.4-F4. Magnetic susceptibility measurements were made on whole
cores as part of the Whole-Round Multisensor Logger (WRMSL) analysis and on split-core
sections using the Section-Half Multisensor Logger (SHMSL) (see section "13.5 Physical
Properties"). Magnetic susceptibility is consistent between the two instruments (Fig. 13.4F3) and in general parallel to the intensity of magnetic remanence. It varies between 2.2 ×
10-6 and 6.3 × 10-3 (SI volume units; Fig. 13.4-F3 first panel; split-core measurements are
offset by a factor of 10) with an average of 3.2 × 10-3 (SI volume units) in the diamict and
1.0 × 10-4 in the underlying Lithostratigraphic Unit II.
13.4.3.2 Magnetostratigraphy
Only magnetic inclinations were used for the magnetostratigraphic interpretation at
this site. The geomagnetic field at the latitude of Site U0021 (75.778°) has an expected
inclination of 82.78°, assuming a geocentric axial dipole field model, which is sufficiently
steep to determine magnetic polarity in RCB cores that lack horizontal orientation.
Despite the low recovery and some apparent coring disturbance above the
unconformity at 9.6 mbsf, magnetic inclinations of split core and discrete samples indicate
that only the Brunhes Chron (C1n; 0–0.781 Ma) is recorded. This is constrained by several
Arctic diatom species (see section “13.4.2.3 Diatoms”). Biostratigraphic control is missing
below the unconformity and therefore the mostly normal polarity intervals of this part of
the section cannot be assigned to any part of the geomagnetic polarity time scale.
13.4.3.3 Paleolatitudes
Assigning even an approximate age to the sediments from Lithostratigraphic Unit II
is difficult because of the lack of biostratigraphic markers or other age-indicative features.
The occurrence of massive and laminated carbonates and evidence for deposition in an
evaporative restricted carbonate platform setting (see section “13.3 Lithostratigraphy”)
suggests formation of this unit at low latitudes in a shallow, warm marine environment.
Because this should be reflected in the magnetic inclinations, we demagnetized Cores
U0021A-6R through -10R at 1-cm resolution with the goal of extracting a high-fidelity
paleolatitude record of those intervals that were not affected by remagnetization,
alteration, or weak magnetic intensity. Principal component analysis yielded a variety of
values, ranging from present-day, steep and normal, steep and reversed (Core U0021A-9R),
through shallow inclinations (Fig. 13.4-F5). Shallow inclinations are restricted to carbonate
horizons and present-day inclinations (overprint) appear to be common in the intervals
between the carbonate horizons. This suggests, as observed at Site U0047, that the
carbonate-rich layers were less affected by remagnetization processes than the clay-rich
intervals. The associated paleolatitudes are very low (Fig. 13.4-F5, second panel), which
indicates formation of these sediments at or near an equatorial position. Because North
America and Greenland were near the paleoequator for much of the Paleozoic (Scotese and
McKerrow, 1990), at around 600 Ma (Macouin et al., 2004) and 750 Ma (Torsvik et al.,
1996) in the Neoproterozoic, and at other earlier times such as around 1452 Ma in the
Mesoproterozoic (Lubnina et al., 2010), the rocks below the unconformity at 9.60 mbsf are
probably of Proterozoic to Paleozoic age. Given the similarities of the lithologies in
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Lithostratigraphic Unit II with the Neoproterozoic Narssârssuk Group (Dawes, 1997) (see
section “13.3 Lithostratigraphy”), a Neoproterozoic age is most probable.

Figure 13.4-F5A. Magnetic inclination record from principal component analysis,
paleolatitude, maximum angular deviation (MADev), magnetic intensity after 30-mT
demagnetization, and magnetic susceptibility measured on whole rounds from Core
U0021A-10R. .Zero inclination and equatorial latitude are indicated by the red bar, presentday latitude by the green line in the latitude panel.
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Figure 13.4-F5B. Magnetic inclination record from principal component analysis,
paleolatitude, maximum angular deviation (MADev), magnetic intensity after 30-mT
demagnetization, and magnetic susceptibility measured on whole rounds from Core
U0021A-9R. . Zero inclination and equatorial latitude are indicated by the red bar, presentday latitude by the green line in the latitude panel.
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Figure 13.4-F5. Magnetic inclination record from principal component analysis,
paleolatitude, maximum angular deviation (MADev), magnetic intensity after 30-mT
demagnetization, and magnetic susceptibility measured on whole rounds from Core
U0021A-8R. Zero inclination and equatorial latitude are indicated by the red bar, presentday latitude by the green line in the latitude panel.
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Figure 13.4-F5. Magnetic inclination record from principal component analysis,
paleolatitude, maximum angular deviation (MADev), magnetic intensity after 30-mT
demagnetization, and magnetic susceptibility measured on whole rounds from Core
U0021A-7R. Zero inclination and equatorial latitude are indicated by the red bar, presentday latitude by the green line in the latitude panel.
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Figure 13.4-F5. Magnetic inclination record from principal component analysis,
paleolatitude, maximum angular deviation (MADev), magnetic intensity after 30-mT
demagnetization, and magnetic susceptibility measured on whole rounds from Core
U0021A-6R. Zero inclination and equatorial latitude are indicated by the red bar, presentday latitude by the green line in the latitude panel.
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13.5 Physical Properties
13.5.1 Overview
Physical properties were measured on the 10 cores recovered from Site U0021 and
18 discrete samples. The measurements span Lithostratigraphic Unit I (Quaternary
sediment; 0.0–9.6 mbsf), which consists of a clast-poor sandy diamict (mean bulk density
1.84 g/cm3) representing post-glacial deposition, and Lithostratigraphic Unit II (9.6–60.0
mbsf), which consists of Paleozoic-Proterozoic dolomitic mudstone, siltstone and
sandstone interbedded with dolomitic/calcitic rock (Fig. 13.5-F1).
The major trends for magnetic susceptibility and natural gamma radiation are
strongly related to lithology with high values (>10-4 SI) associated with mudstone, siltstone
and sandstone and low values (~0 to 10-4 SI) with dolomitic and calcitic rocks. The
moisture and density values for Lithostratigraphic Unit II show little variation between
lithologies, with most grain densities slightly higher than is common for pure
aluminosilicates. This is due to the strong dolomite cementation (~30% to >80%; see
section “13.3 Lithostratigraphy”). P-wave velocities measured on all samples in
Lithostratigraphic Unit II are at least ~400 m/s higher than the pre-drilling estimate (2700
m/s), indicating that any seismic reflectors located at depth within similar lithologies are
likely to be considerably deeper than estimated using a 2700 m/s time versus depth
estimate.

13.5.2 Measurements and Data Analysis
13.5.2.1 Whole-Round Measurements
Measurements with the Whole-Round Multisensor Logger (WRMSL) were obtained
at 2.5 cm intervals for gamma ray attenuation (GRA) wet bulk density, and magnetic
susceptibility (Fig. 13.5-F1; Appendix Table 13.5-AT1). The WRMSL P-wave logger was run
for Core U0021A-1R since the liner was sufficiently filled to provide good contact with the
transducers. Natural gamma radiation (NGR) was measured at 10 cm intervals for all cores
except U0021A-2R and -3R due to time constraints. To improve the quality of the record
data were cleaned of spurious points caused by voids and cracks and corrected for the
smaller diameter of the RCB core relative to the core liner (see section 2.5 “Physical
Properties”).
The GRA bulk density and magnetic susceptibility of Lithostratigraphic Unit I show
an increasing trend from ~1.50 g/cm3 and 2.2 × 10-3 SI at the top of Core U0021-R1 to
~2.15 g/cm3 and 4.1 × 10-3 SI at the bottom, respectively. P-wave values for this unit
average ~1550 ± 95 m/s.
The mean bulk density of Lithostratigraphic Unit II is 2.52 ± 0.14 g/cm3. The values
for the magnetic susceptibility alone are sufficient to distinguish the two major facies
within this unit. The mudstones, siltstones and sandstones average ~1.3 × 10-4 SI, and the
dolomites ~4.12 × 10-5 SI. The NGR counts per second for Unit II also show this dichotomy

13.5-1

Chapter 13. Site U0021
13.5 Physical Properties

Proceedings of the Baffin Bay
Scientific Coring Program

with low values for the dolomite (14 ± 6 cps average) and higher values for mudstones,
siltstones and sandstones (74 ± 11).

Figure 13.5-F1A. Downcore physical properties measurements. Downcore measurements
of (a) bulk density (GRA = data from Whole-Round Multisensor Logger, Discrete = moisture
and density discrete samples), grain density, P-wave velocity (discrete measurements =
Vp(x), Vp(y), Vp(z) and P-wave logger data), and porosity (MAD. Values associated with
increasing dolomite cement are shaded blue.
13.5.2.2 Split-core Color Spectroscopy
Color reflectance was measured at a resolution of 2.5 cm (Appendix Table U0021AT2). A technical problem with the calibration of the color reflectance instrument was
identified post completion of Hole U0070A and this became worse over time. As noted at
other sites, the instrument seemed prone to several sources of noise, including ambient
lighting. Therefore, we note that the color reflectance parameters reported here should be
used with caution if at all. The L* values showed great variation for both Facies 3 and 4 of
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Unit II (see section “13.3 Lithostratigraphy”; Fig. 13.5-1b). The CIELAB parameters a* and
b* show slightly higher values for Facies 3 (a* ~8, b* ~7) than for Facies 4 (a* ~3, b* ~-4);
however, the variations in these parameters seemed to be more gradual than is clearly
apparent in the core images.

Figure 13.5-F1B. Downcore physical properties measurements. Downcore measurements
of magnetic susceptibility, natural gamma radiation, and color parameters L*a*b*. Grain
density values typical of common aluminosilicate minerals and calcite are shaded green.
Values associated with increasing dolomite cement are shaded blue.
13.5.2.3 Discrete Sample P-wave Velocity
No discrete P-wave measurements were collected from Lithostratigraphic Unit I
because the material recovered was unconsolidated. Discrete samples from
Lithostratigraphic Unit II (16 cubes of 8 cm3 volume) were used for both velocity and for
moisture and density (MAD) measurements (Table 13.5-T1).
The mean velocity in the vertical (z) and horizontal directions (x, y) for
aluminosilicate-rich mudstone and siltstone samples are 3260 m/s, 3455 m/s and 3470
m/s respectively. Dolomicrites and vuggy dolomites show very little systematic difference
in velocity between vertical and horizontal directions (<5%), as expected for lithologies
13.5-3

Chapter 13. Site U0021
13.5 Physical Properties

Proceedings of the Baffin Bay
Scientific Coring Program

without a strongly oriented mineral fabric. Relative to mudstone and siltstone samples the
average P-wave velocity is high (>4300 m/s), indicating the potential for strong acoustic
reflectors where these lithologies are interbedded. Average velocities for the different
lithologies for the three axes (x, y, and z) are presented in Table 13.5-T1.
Table 13.5-T1. Summary of physical properties for major lithofacies from Site U0021.

13.5.2.4 Moisture and Density Measurements
Gravimetric and volumetric determinations of MAD were made on the 18 discrete
samples. The indurated samples were saturated with seawater under vacuum and the soft
sediment from Lithostratigraphic Unit I was wet weighted right immediately after sampling
(Fig. 13.5-F1a; Table 13.5-T1; Appendix Table 13.5-AT4).
The two diamict samples analyzed have porosities of 46% and 58% and grain
densities of 2.65 and 2.74 g/cm3. The mudstones porosities range from 11% to 19% and
have an average grain density of 2.76 g/cm3. Only one siltstone was analyzed with 12%
porosity and 2.78 g/cm3 grain density. Dolomicrite porosities were more variable (17.2% ±
9.2%) and so were the grain densities (2.79 ± 0.04 g/cm3). Two vuggy dolomite samples
were analyzed with porosities of 7% and 11%, and grain densities of 2.71 and 2.74 g/cm 3.
These values are in agreement with the high cementation levels and high P-wave velocities
observed for this site.

13.5.3 Downhole Trends in Physical Properties
13.5.3.1 Lithostratigraphic Unit I
The low bulk density (~1.84 g/cm3) and high porosity (~52%) of sediment in Core
U0021A-1R is typical of uncompacted, post-Last Glacial Maximum (LGM) mud. A slight
increase in consolidation is observed in Core U0021A-1R.
13.5.3.2 Lithostratigraphic Unit II
Meter-scale interbeds of dolomitic rocks and more aluminosilicate-rich mudstones,
siltstones and sandstones are readily identified in physical properties data. In particular,
dolomitic intervals are characterized by very low magnetic susceptibility (~1.3 × 10-4 SI)
and natural gamma radiation (14 ± 6 cps). Dolomite and calcite are diamagnetic and this
accounts for the slightly negative magnetic susceptibility recorded where these minerals
dominate. In contrast mudstones, siltstones and sandstones have higher magnetic
susceptibility and natural gamma radiation (~4.12 × 10-5 SI and 74 ± 11 cps).
The ranges of porosity and grain density for both facies overlap (Table 13.5-T1),
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indicating no major differences in the moisture and density parameters.
The physical properties of Unit II at Site U0021 are similar to those observed in the
same lithologies encountered in the lower part of the stratigraphic sections at Sites U0047,
U0080, and U0110. In particular, relative to Cretaceous carbonaceous mudstone, average
bulk density is higher, porosity is lower (by ~10%) and velocity higher by >1000 m/s,
consistent with the presence of strong seismic reflector separating these rock types.

13.5.4 Two-way Travel Time (TWT) from P-wave Velocity
We calculated the vertical travel time in the hole based on discrete P-wave velocities
measured (Fig. 13.5-F2) using vertical (z-axis) data only. These values were compared with
the pre-drilling estimate of 2700 m/s. All velocity measurements made on samples from
Lithostratigraphic Unit II are considerably higher (average ~3800 m/s) than the predrilling estimate of 2700 m/s. Consequently, seismic reflectors below the base of the hole
will be at potentially much greater depth than originally predicted should these higher
velocities persist.

Figure 13.5-F2. Cumulative P-wave two-way travel time (TWT) vs. depth. The red line
demarcates the cumulative velocity profile constructed from discrete P-wave velocity
measurements (red), and the pre-drilling velocity estimate of 2700 m/s (black).
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13.6 Geochemistry
Cores from Site U0021 were only monitored for hydrocarbon gases. Procedures are
summarized in “Chapter 2. Methods” (see section “2.6 Geochemistry”).

13.6.1 Hydrocarbon Gases
A total of 9 samples from Hole U0021A were monitored for gaseous hydrocarbons
by the headspace (HS) gas technique (Table 13.6-T1; Fig. 13.6-F1). All samples were
measured using the GC3 method. Core U0021A-4R had insufficient recovery to sample for
gas.
Headspace methane concentrations were always below 450 ppmv in Hole U0021A.
Traces of ethane were present in Cores U0021A-1R, -5R, and -9R. Where ethane was
present, methane/ethane (C1/C2) ratios were low with values between 130 and 280. Higher
hydrocarbons were absent at Hole U0021A.

Figure 13.6-F1. Hydrocarbon gases from Hole U0021A. Concentrations of methane and
ethane (in ppmv) as well as methane/ethane ratios for Hole U0021A versus depth (meters
below seafloor). Black bars on the left indicate recovery for each core.
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Table 13.6-T1. Headspace gas concentrations from Site U0021 measured using GC3.
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14.1 Site Summary
14.1.1 Highlights
Site U0060 (75° 42.9726’N, 65° 57.2032’W, 580.6 m water depth) was an additional
target added during the expedition to recover the stratigraphic interval situated between
the top of Hole U0061A and the total depth of Hole U0070A, which was expected to include
the Cenomanian/Turonian boundary. Hole U0060A was cored to a total depth of 239.1
mbsf with 148.33 m of recovered core (62%), reaching the intended target and overlapping
with the top of the stratigraphic section recovered in Hole U0061A. Highlights include:








Determining that the primary lithologies are dominated by black carbonaceous
mudstones, with minor to moderate abundances of stratified siltstone- and
sandstone-bearing lithologies as interbeds.
Estimating the age of the units underlying the diamicts as late Cenomanian to
Turonian based on dinoflagellates, pollen, and spores. The Cenomanian/Turonian
boundary occurs between ~50–70 mbsf within this hole.
Finding that no apparent Tertiary section underlies the Quaternary glacial
sediments, and that the unconformity at ~27.75 mbsf is a glacial erosion surface,
with a hiatus of about 90 m.y.
Reconstructing the paleoenvironmental setting for the rocks below the
unconformity from sedimentological and paleontological evidence to conclude that
deposition occurred in an open marine setting, with the water depth and the
bathymetric gradient of that setting increasing through time.
Characterizing seismic velocity, porosity, and density of the rock units.
Determining that high methane concentrations were accompanied by the presence
of the higher hydrocarbons (ethane to hexane) indicative of some localized
migration of thermogenic hydrocarbons that have mixed with the microbial
methane gas.

14.1.2 Background and Objectives
Site U0060 was a new site added during the cruise. It is located on the southeastern
edge of the Site 4 survey region of the GEMS Geophysical Report (GEMS International
Group of Companies, 2011, unpublished report), which is on the northwest Greenland
continental shelf, at the southeast end of the Kap York Basin and near the western edge of
the Melville Bay Graben (Figs. 14.1-F1 and 14.1-F2). The seismic reflection profiles across
the site show a flat-lying sequence of younger sediments, interpreted prior to the
expedition as Quaternary glacial sediments, overlying a southerly dipping sequence of preQuaternary strata (Fig. 14.1-F3).

14.1-1

Chapter 14. Site U0060
14.1 Site Summary

Proceedings of the Baffin Bay
Scientific Coring Program

Figure 14.1-F1. Structural elements of Melville Bay area (after Whittaker et al., 1997).

Figure 14.1-F2. Site location with bathymetry and seismic lines.
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The primary objectives for coring were to:




Obtain stratigraphic information about the cored section, with a focus on the
lithologies, ages, and paleoenvironmental settings;
Estimate potential source rock characteristics;
Determine the physical properties of the rock units for evaluating potential
reservoir properties and improving seismic velocity models (depth vs. time curves).

Figure 14.1-F3. Crossing seismic reflection profiles through Site U0060.

14.1.3 Coring Summary
A single RCB hole was cored to a total depth of 239.10 mbsf at Site U0060 (Table
14.1-T1). In total, 148.33 m of core were recovered from the 25 cores collected from Hole
U0060A. The average core recovery was 62% (Tables 14.1-T1 and -T2). Each core took on
average 2.4 hrs to collect. This includes wireline time, time to wait for headspace gas
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results from the prior core before coring was resumed, and other operations that took
place between cores. The rate of penetration was between 5.5 m/hr and 64.8 m/hr, with an
average of 8.1 m/hr (Table 14.1-T2). Additional coring statistics are provided for the hole,
cores, and sections in Tables 14.1-T1, -T2, and Appendix Table 14.1-AT1, respectively.
Table 14.1-T1. Hole summary for Site U0060.

Table 14.1-T2. Core summary for Site U0060.

14.1.4 Science Results
14.1.4.1 Lithology
Two lithostratigraphic units are defined at Site U0060 (Fig. 14.1-F4).
Lithostratigraphic Unit I (0-27.75 mbsf) consists of ~21 cm of grayish brown biosiliceous
mud, underlain by ~2 m of mud with sand and clast-poor muddy diamict. The remainder of
Unit I is inferred from the presence of rounded and abraded gravels, interpreted as drillingwashed concentrates of large clasts in the diamict.
Lithostratigraphic Unit II (27.75-239.56 mbsf) is dominated by black carbonaceous
mudstones, with minor to moderate abundances of stratified siltstone- and sandstonebearing lithologies as interbeds. Low abundances of thin to medium beds of stratified
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granule-to-pebble intraclast conglomerate and of matrix-supported granule-to-pebble
intraclast conglomerate are also present in the upper ~40% of Lithostratigraphic Unit II.
Although not recognized during visual core description, opal-CT (“diatomite”) is present to
abundant locally throughout Unit II. Opal-CT abundances generally are higher above Core
U0060A-18R than below that level.
14.1.4.2 Ages
The chronostratigraphy for Site U0060 is constrained biostratigraphically by
calcareous nannofossils, planktonic and benthic foraminifera, diatoms, dinoflagellate cysts,
pollen, and spores. In addition, the natural remanent magnetization (NRM) measured
before and after magnetic cleaning was used to determine the magnetostratigraphic
polarity. Lithostratigraphic Unit I (0–27.75 mbsf) is Quaternary in age based on the
presence of Quaternary Arctic benthic foraminifera and an assemblage of polar open
marine diatoms in the uppermost part of the unit indicating an age of <0.305 Ma. The
normal polarity within this interval is assigned to the Brunhes Chron (C1n; 0‒0.781 Ma).
Palynomorphs in Lithostratigraphic Unit II (27.75–239.56 mbsf) indicate a
Cenomanian to Turonian succession based on the presence of the dinoflagellate cysts
Cauveridinium membraniphorum, Isabelidinium magnum, and Trithyrodinium suspectum,
together with the pollen Rugubivesiculites rugosus. The highest occurrence of Wrevittia
cassidata and lowest occurrence of Heterosphaeridium difficile, together with the lowest
common occurrence of Chatangiella granulifera, within the section indicate that the
Cenomanian/Turonian boundary (93.9 Ma) is located between about 50 and 70 mbsf (Fig.
14.1-F4). Poorly preserved assemblages of diatoms and calcareous nannofossils also
support this age assignment. The normal polarity within this interval is assigned to the
Cretaceous Long Normal Polarity interval (Superchron C34n; 83.64‒125.93 Ma).
14.1.4.3 Facies and Paleoenvironmental Setting
Sediments from Lithostratigraphic Unit I are interpreted to record subglacial to iceproximal glacimarine deposition, associated with a grounded icesheet or an ice shelf, and
post-glacial open-marine to distal glacimarine deposition. Open-marine conditions were
characterized by high primary productivity based on high abundances of diatoms.
Sediments from Lithostratigraphic Unit II are interpreted to record deposition in an
open marine setting, with the water depth and the bathymetric gradient of that setting
increasing through time. The lower ~60% of Unit II was deposited on a low-gradient
marine surface dominated by low-energy conditions, but subjected episodically to highenergy underflows that supplied clastic silts and sands. This seafloor also was affected
intermittently by the weak influence of waves. This combination of characteristics suggests
deposition in a mid-shelf to outer shelf setting, within the influence of storm-generated
and/or discharge-generated hyperpycnal flows and the occasional influence of storm
waves. The upper ~40% of Unit II was deposited on a seafloor still dominated by lowenergy conditions, but subjected episodically to stronger unidirectional bottom currents
and small debris flows. Evidence of wave influence is absent in the upper ~40% of Unit II.
These characteristics suggest deposition in relatively deeper water and on steeper
bathymetry, consistent with an upper slope setting.
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Throughout the deposition of Unit II, the surface waters above this site were highly
productive, at least intermittently. Anoxic conditions were present in the sediments during
deposition of Unit II, and may have extended into the overlying water column.
14.1.4.4 Physical Properties
The physical properties of Cretaceous carbonaceous mudstone and stratified
siltstone (Lithostratigraphic Unit II; 27.75–239.56 mbsf) are strongly influenced by the
presence of low-density (~2.0 g/cm3) biogenic silica (opal-A and opal-CT), such as the
recrystallized remains of diatoms and sponge spicules. This biogenic opal is the cause of
particularly low grain densities between 27.75 and 170 mbsf. In some cases (e.g.
161.6 mbsf) values approach those of pure diatomites. The high degree of scatter in grain
density within this interval of the core suggests biogenic opal is concentrated into dm- to
meter-scale beds. Below ~170 mbsf grain densities are much less variable and closer to
those associated with common aluminosilicate and Mg, Ca carbonate minerals (2.60 ±
0.03 g/cm3), indicating a reduced contribution from opal, although thin section
examination confirms it is still present. Both magnetic susceptibility and natural gamma
radiation measurements also show a small increasing trend from ~170 mbsf to the base of
the hole, indicating an increase in radioactive lithogenic grains relative to non-radioactive
biogenic opal with depth.
Comparison with downhole wireline sonic data show our laboratory measured Pwave velocities in the vertical (z) orientation for uncemented carbonaceous mudstone of
2520 m/s compares reasonably well with the in situ wireline sonic tool average P-wave
velocity of 2580 m/s for depths below 120 mbsf (Fig. 14.1-F4). However, the average
velocity from the downhole sonic tool is 2680 m/s over the complete logged interval. As
most of the offset between these two sets of measurements occurs at depths shallower
120 mbsf where core recovery was relatively poor, our sampling is possibly
unrepresentative of the bulk of the unrecovered strata.
Comparison of downhole wireline and laboratory porosity measurements for the
interval 44.05–194.62 mbsf show they compare closely, with 21 ± 3% and 22 ± 4%
respectively.
Decimeter- to meter-scale spikes in magnetic susceptibility, density, and velocity
and a corresponding reduction in porosity are present throughout Cretaceous strata (Fig.
14.1-F4). This cement commonly occurs within coarser-grained laminated siltstone and
silty mudstone beds and less frequently in cemented mudstones. Although this pattern of
variability is common to a number of Expedition 344S sites (e.g. U0065, U0070, U0080) the
occurrence of these cemented beds, as defined by magnetic susceptibility and density
peaks, is more frequent here, with typically 3 or more per meter.
14.1.4.5 Geochemistry
Gas content at Site U0060 was high in the Cretaceous material with values around
100,000 ppmv. These high methane concentrations were accompanied by the presence of
the higher hydrocarbons (ethane to hexane) (Fig. 14.1-F4). Methane/ethane ratios
stepwise decreased in the lower part of Hole U0060A, indicative for some localized
migration of thermogenic hydrocarbons that have mixed with the microbial methane gas.
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This is similar as observed at Sites U0061 and U0065. Carbonate content at Hole U0060A is
low and organic carbon content low to moderate (0.5–4 wt%). Organic matter
characteristics indicate a marine source for the organic matter. Cretaceous material from
Site U0060 is immature with respect to hydrocarbon generation and has a maximum burial
depth of less than 1 km.

14.1.5 References
Whittaker, R.C., Hamann, N.E., and Pulvertaft, T.C.R., 1997. A new frontier province offshore
northwest Greenland: structure, basin development, and petroleum potential of the
Melville Bay area. American Association of Petroleum Geologists Bulletin, 81, 978–998.
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14.2 Operations
14.2.1 Transit to Site U0060
After plugging Hole U0065A with 40 barrels of heavy (10.5 pounds per gallon [ppg])
mud, the JOIDES Resolution (JR) departed the site in dynamic positioning (DP) mode at
0230 hrs on 25 September 2012 to move to Site U0060 (Fig. 14.2-F1), which took 2.75
hours to complete.

Figure 14.2-F1. Location map of sites cored during the Baffin Bay Scientific Coring Program.

14.2.2 Site U0060 Operations
Coring operations at Site U0060 began at 0511 hrs on 25 September 2012.
Operations for the first two hours on site included positioning the vessel over the site
coordinates, deploying the positioning beacon, deploying the Fugro SeaBird to collect
water column data, and lowering the drill bit to near the seafloor. The vibration-isolated
television (VIT) was then deployed to conduct a seabed biota survey. These and other Site
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U0060 operations are listed in chronological order in Table 14.2-T1 and illustrated in
Figure 14.2-F2.

Figure 14.2-F2. Planned and actual operations at Site U0060.
Hole U0060A was spudded using the rotary core barrel (RCB) system at 0820 hrs on
25 September 2012. Coring proceeded down to Core U0060A-4R (27.4–37.1 mbsf) before
stopping briefly to deploy a free-fall funnel (FFF). After cutting Core U0060A-5R (37.1–46.8
mbsf), tight hole conditions caused high torque at 36.8 mbsf. The pipe was worked up to
16.8 mbsf and then the hole was swept with high-viscosity mud. After completing the wiper
trip to 16.8 mbsf, the drill string was lowered to total depth (TD) and coring resumed. After
cutting Core U0060A-10R (85.4–94.9 mbsf), a second wiper trip was performed. Two
additional cores were cut to 114.1 mbsf when an approaching growler, coupled with low
visibility due to fog, resulted in a temporary halt to coring activities. The drill string was
pulled free of the seafloor and the ship offset in DP mode to avoid the ice.
After approximately three hours of waiting on ice (WOI), the hole was successfully
reentered at 1350 hrs on 26 September 2012. The hole was washed and reamed to TD at
114.1 mbsf before coring recommenced. Coring continued to Core U0060A-25R (229.5–
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239.1 mbsf), very close to the original target depth of 260 mbsf (Fig. 14.2-F2). The hole was
swept with high-viscosity mud and the drill string pulled up to 46.8 mbsf, just below the
problematic interval, in preparation for logging. A single run consisting of a modified triple
combo tool suite was logged downhole to 197.8 mbsf, when an obstruction kept the logging
tools from advancing any deeper. After retrieving the logging tools, the drill string was
tripped to the seafloor and the vessel secured for transit, with operations at Site U0060
ending at 0230 hrs on 28 September 2012.
Table 14.2-T1. Site U0060 operations.
Date

Time (hrs)

Hours

Location

Activity

25-Sep-12

0230-0515

2.75

DP Move

Offset vessel in DP mode for Site U0060. Position over drill
site coordinates.

25-Sep-12

0515-0615

1

Hole U0060A

Deploy positioning beacon for Site U0060 at 0511 hrs.
Lower hydrophones and position over location coordinates.
Deploy Fugro SeaBird for water column data.

25-Sep-12

0615-0645

0.5

Hole U0060A

Deploy VIT.

25-Sep-12

0645-0700

0.25

Hole U0060A

Space out drill string and lower drill string to 591.0 mbrf.

25-Sep-12

0700-0815

1.25

Hole U0060A

Conduct seabed biota survey. Return to drill site coordinates
and recover VIT.

25-Sep-12

0815-0845

0.5

Hole U0060A

Spud Hole U0060A at 0820 hrs. Seafloor tagged with drill
string at 592.2 mbrf. Recover VIT.

25-Sep-12

0845-1315

4.5

Hole U0060A

RCB coring. Cut and recover Cores 1R through 4R to 37.1
mbsf (629.3 mbrf). Continue to monitor ice conditions at
Site U0021.

25-Sep-12

1315-1345

0.5

Hole U0060A

Rig-up and deploy FFF.

25-Sep-12

1345-1600

2.25

Hole U0060A

Continue with RCB coring. Cut and recover Core 5R to 46.8
mbsf (639.0 mbrf).

25-Sep-12

1600-1700

1

Hole U0060A

Tight hole. High torque at 36.8 mbsf (629.0 mbrf). Work
pipe to 16.8 mbsf (609.0 mbrf). Sweep hole with highviscosity mud.

25-Sep-12

1700-1800

1

Hole U0060A

Drop core barrel. Wash and ream to 46.8 mbsf (639.0 mbrf).
Sweep hole with high-viscosity mud.

25-Sep-12

1800-1845

0.75

Hole U0060A

POOH for wiper trip to 16.8 mbsf (609.0 mbrf) and RIH back
to TD. No fill on bottom.

25-Sep-12

1845-2400

5.25

Hole U0060A

Resume RCB coring. Cut and recover Cores 6R through 8R to
75.9 mbsf (668.1 mbrf).

26-Sep-12

0000-0430

4.5

Hole U0060A

RCB coring. Cut and recover Cores 9R and 10R to 94.9 mbsf
(687.1 mbrf).

26-Sep-12

0430-0530

1

Hole U0060A

Wiper trip. POOH to 16.8 mbsf (609.0 mbrf). Wash/ream to
TD at 94.9 mbsf (687.1 mbrf).

26-Sep-12

0530-1000

4.5

Hole U0060A

Resume RCB coring. Cut and recover Core 12R to 114.1 mbsf
(706.3 mbrf).

26-Sep-12

1000-1015

0.25

Hole U0060A

Deploy core barrel. Growler approaching. Visibility poor due
to dense fog. Recover core barrel without any advance.
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Date

Time (hrs)

Hours

Location

Activity

26-Sep-12

1015-1030

0.25

Hole U0060A

POOH with top drive to 552.0 mbrf. Clear seafloor at 1030
hrs.

26-Sep-12

1030-1330

3

Hole U0060A

Offset in DP mode to avoid ice. Standby WOI. Return to site.

26-Sep-12

1330-1345

0.25

Hole U0060A

Deploy VIT.

26-Sep-12

1345-1400

0.25

Hole U0060A

Space out drill string and position ship for reentry. Reenter
Hole U0060A at 1350 hrs.

26-Sep-12

1400-1415

0.25

Hole U0060A

Recover VIT.

26-Sep-12

1415-1615

2

Hole U0060A

Wash and ream hole to TD at 114.1 mbsf (706.3 mbrf).

26-Sep-12

1615-2400

7.75

Hole U0060A

RCB coring. Cut and recover Cores 13R through 16R to
152.6 mbsf (744.8 mbrf). Currently cutting Core 17R at a
depth of 154.8 mbsf (747.0 mbrf).

27-Sep-12

0000-1730

17.5

Hole U0060A

RCB coring. Cut and recover Cores 17R through 25R to
239.1 mbsf (831.3 mbrf). Layout core barrels.

27-Sep-12

1730-1745

0.25

27-Sep-12

1745-1830

0.75

Hole U0060A

Release MBR and reverse shift sleeve. Recover shifting tool.

27-Sep-12

1830-1930

1

Hole U0060A

POOH with top drive to 180.8 mbsf (773.0 mbrf).

27-Sep-12

1930-1945

0.25

Hole U0060A

Set back top drive.

27-Sep-12

1945-2000

0.25

Hole U0060A

Continue to POOH to 46.8 mbsf (639.0 mbrf). Just below
problem zone in hole.

27-Sep-12

2000-2400

4

Hole U0060A

Rig-up for wireline logging. RIH with triple-combo tool
suite. Log down to 197.8 mbsf (790.0 mbrf). Unable to pass
41.3 m off bottom.

28-Sep-12

0000-0015

0.25

Hole U0060A

Layout logging tools and rig down from wireline logging.

28-Sep-12

0015-0200

1.75

Hole U0060

POOH. Clear seafloor at 0025 hrs. Clear of rotary table at
0200 hrs.

28-Sep-12

0200-0230

0.5

Hole U0060A

Sweep hole with high-viscosity mud.

Secure rig for transit and raised thrusters.
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14.3 Lithostratigraphy
14.3.1 Overview
One hole was drilled with the rotary core barrel (RCB) at Site U0060. Hole U0060A
was cored to a total depth of 239.10 mbsf, with 148.33 m of sediment and sedimentary
rock recovered in 25 cores (Fig. 14.3-F1), for an average recovery of 62%. Sediments
recovered in the Interval U0060A-1R-1, 0 cm through -4R-1, 35 cm (0-27.75 mbsf) are
biosiliceous mud, underlain by mud with sand and clast-poor muddy diamict. Intervals of
gravel were also recovered and are interpreted as drilling-washed concentrates of large
clasts in the diamict. From U0060A-4R-1, 35 cm to the base of Hole U0060A (27.75-239.56
mbsf), the sediments are dominated by black carbonaceous mudstones, with minor to
moderate abundances of siltstone- and sandstone-rich lithologies (sandy to muddy
siltstone, silty mudstone, silty to muddy sandstone, sandy mudstone) as interbeds. The
upper half of the mudstone-dominated sequence also contains low abundances of thin to
medium beds of stratified granule-to-pebble intraclast conglomerate and of matrixsupported granule-to-pebble intraclast conglomerate. Although opal-CT (“diatomite”) was
not recognized during visual core description and smear slide analyses, subsequent X-ray
diffraction (XRD) results, thin section analyses, and grain density data (see section “14.5
Physical Properties”) indicate that partially recrystallized and fully replaced diatoms are
locally present to dominant in Cores U0060A-4R through -25R, although their abundance
varies at decimeter scales (Tables 14.3-T1 and -T2). Because the abundance of opal-CT
could not be defined during visual core description, and because our present
understanding of the distribution of opal-CT at Site U0060 is based on irregularly spaced
discrete samples, any attempt to represent the abundance of opal-CT in the graphic
lithology column of the visual core description forms (VCDs) or the hole summary (Fig.
14.3-F2) would require arbitrary placement of abundance values and boundaries. As a
result, the abundance of opal-CT has not been indicated in the graphic lithology column for
this site, but the reader should remain aware of the possible presence and effects of opalCT in these sediments, especially in Cores U0060A-4R through -25R.

14.3.2 Lithostratigraphic Units
Two lithostratigraphic units are defined at Site U0060 based on vertical changes in
the distribution of lithofacies (Fig. 14.3-F2). Lithostratigraphic Unit I (0-27.75 mbsf)
consists of ~21 cm of grayish brown biosiliceous mud, underlain by ~2 m of mud with sand
and clast-poor muddy diamict. The remainder of Unit I is inferred from the presence of
rounded and abraded gravels, interpreted as drilling-washed concentrates of large clasts in
the diamict. Sediments from Lithostratigraphic Unit I are interpreted to record subglacial
to ice-proximal glacimarine deposition, associated with a grounded icesheet or an ice shelf,
and post-glacial open-marine to distal glacimarine deposition. Open-marine conditions
were characterized by high primary productivity based on high abundances of diatoms.
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Table 14.3-T1. XRD bulk mineral compositions for Site U0060.

Lithostratigraphic Unit II (27.75-239.56 mbsf) is dominated by black carbonaceous
mudstones, with minor to moderate abundances of stratified siltstone- and sandstonebearing lithologies as interbeds. Low abundances of thin to medium beds of stratified
granule-to-pebble intraclast conglomerate and of matrix-supported granule-to-pebble
intraclast conglomerate are also present in the upper ~40% of Lithostratigraphic Unit II.
Although not recognized during visual core description, opal-CT (“diatomite”) is present to
abundant locally throughout Unit II. Opal-CT abundances generally are higher above Core
U0060A-18R than below that level. Sediments from Lithostratigraphic Unit II are
interpreted to record deposition in an open marine setting, with the water depth and the
bathymetric gradient of that setting increasing through time. The lower ~60% of Unit II
was deposited on a low-gradient marine surface dominated by low-energy conditions, but
subjected episodically to high-energy underflows that supplied clastic silts and sands. This
seafloor also was affected intermittently by the weak influence of waves. This combination
of characteristics suggests deposition in a mid-shelf to outer shelf setting, within the
influence of storm-generated and/or discharge-generated hyperpycnal flows and the
occasional influence of storm waves. The upper ~40% of Unit II was deposited on a
seafloor still dominated by low-energy conditions, but subjected episodically to stronger
unidirectional bottom currents and small debris flows. Evidence of wave influence is
absent in the upper ~40% of Unit II. These characteristics suggest deposition in relatively
deeper water and on steeper bathymetry, consistent with an upper slope setting.
Throughout the deposition of Unit II, the surface waters above this site were highly
productive, at least intermittently. Anoxic conditions were present in the sediments during
deposition of Unit II, and may have extended into the overlying water column.
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Figure 14.3-F1. Lithology and recovery at Site U0060.

14.3.3 Facies Descriptions
Five lithofacies were identified at Site U0060 based on differences in sediment
texture, sediment composition, and primary sedimentary structures.
14.3.3.1 Facies 1 – Olive Brown to Dark Grayish Brown Biosiliceous Mud
Facies 1 forms the upper 21 cm of Core U0060A-1R (Fig. 14.3-F3). Diatoms are the
dominant form of biosilica in these sediments, with minor abundances of sponge spicules.
Diatom assemblages are characteristic of high-productivity settings. These soft to very soft
muds were disturbed by drilling/coring, but are interpreted to have common to moderate
levels of bioturbation.
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Figure 14.3-F2. Lithostratigraphic summary of Hole U0060A.
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14.3.3.2 Facies 2 – Very Dark Gray Mud with Sand and Greenish Black Clast-Poor Muddy
Diamict
This lithofacies (Fig. 14.3-F4) encompasses a broad range of clast abundances and,
where recovered intact, is massive. Decimeter-scale intervals of gravel also are present
within Facies 2; because these gravels generally are pebble- to cobble-grade and wellrounded (often showing abrasions caused by drilling), they are interpreted as concentrates
from the diamict, washed by drilling, rather than as a separate facies. Clasts, dominated by
gneisses and granites, are primarily granule to pebble in size, although some cobble-grade
clasts are present.

Figure 14.3-F3. Photograph of biosiliceous mud of Facies 1 (Interval U0060A1R-1A, 5-15 cm).

Figure 14.3-F4. Photograph of clast-poor
muddy diamict of Facies 2 (Interval
U0060A-1R-1A, 110-120 cm).

14.3.3.3 Facies 3 – Black Carbonaceous Mudstone
Carbonaceous mudstone (Fig. 14.3-F5) is the most abundant lithofacies in the
section recovered at Site U0060, forming more than 70% of the sediments in Cores
U0060A-4R through -13R, and more than 80% of the sediments below Core U0060A-13R
(Fig. 14.3-F2). The carbonaceous mudstone forms beds that range from thin to thick, with
overall abundance and average bed thickness increasing downcore. The carbonaceous
mudstone beds range from massive to weakly color-laminated; in Cores U0060A-13R and
below, the carbonaceous mudstone beds are locally thinly laminated, with thinly laminated
intervals 5–10 cm thick separated by intervals of massive carbonaceous mudstone 5–20 cm
thick. The cause of the thin laminations in the lower part of Hole U0060A could not be
identified visually during core description; however, these thin laminae became apparent
as sediment degassing preferentially fractured the rock along the laminae. Other than mmto cm-scale load features at the contacts between Facies 3 mudstones and overlying Facies
4 siltstones and sandstones, no primary physical structures or evidence for large-scale
sediment instability were observed in the carbonaceous mudstones of Facies 3.
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Table 14.3-T2. XRD clay mineral compositions for Site U0060.

Figure 14.3-F5. Photograph of black carbonaceous mudstone of Facies 3 (Interval U0060A5R-2A, 100-110 cm).
Although opal-CT (“diatomite”) was not recognized during visual core description
and smear slide analyses, subsequent XRD results, thin section analyses, and grain density
data (see section “14.5 Physical Properties”) indicate that partially recrystallized and fully
replaced diatoms are locally abundant to dominant in Cores U0060A-17R and above, and
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are locally present to common below Core U0060A-17R (Table 14.3-T3). However, the
abundance of this biosiliceous component varies at decimeter scales (Fig. 14.3-F6; Tables
14.3-T1 and -T2). The most abundant clastic components in the carbonaceous mudstones
of Facies 3 are quartz, feldspar, and clay minerals, with low but variable amounts of
accessory minerals; pyrite and glauconite (including diatoms replaced by glauconite) are
widespread; visible organic matter/organic debris abundances are variable; and carbonate
cements are widespread, but variable in abundance and composition.
No evidence of bioturbation was identified in Facies 3 during core description,
although subtle ichnofabrics may have been obscured by the uniform grain size and dark
color of the sediments. Macrofossils were recovered in the form of Inoceramus fragments
from Cores U0060A-14R to -25R, and recrystallized and glauconite-replaced diatoms range
from present to abundant.

Figure 14.3-F6. Photomicrographs of common constituents of the carbonaceous mudstones
of Facies 3 and effects of silicification. (a) Silicified nodule in plane-polarized light. A few
“ghosts” of diatoms, dark pyrite, and green glauconite are visible. (b) Unsilicified
carbonaceous mudstone in plane-polarized light. Diatoms, glauconite, and detrital quartz
silt are visible. (Sample U0060A-5R-2W, 38-42 cm).
14.3.3.4 Facies 4 – Variants on Stratified Siltstone and Sandstone (Sandy to Muddy Siltstone,
Silty Mudstone, Silty to Muddy Sandstone, Sandy Mudstone) and Minor Stratified Intraclast
Pebble Conglomerate
Facies 4 is the most variable lithofacies at Site U0060 in terms of grain size, mode of
occurrence, and primary and secondary sedimentary structures. Texturally, Facies 4 ranges
from muddy siltstone/silty mudstone to pebble conglomerate (Figs. 14.3-F7, -F8, and -F9),
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but is defined by the presence of primary depositional stratification. This lithofacies
generally forms strata that range from thin laminae to medium beds, and that are
interbedded with subequal to greater thicknesses of carbonaceous mudstone. In general,
both the thickness of the stratified siltstones/sandstones and the overall ratio of stratified
deposits to carbonaceous mudstone decrease downcore (compare Figs. 14.3-F7 and –F8).
Strata of Facies 4 generally have sharp bases, often showing evidence of scouring and/or
loading (Figs. 14.3-F7 and –F10). Normally graded strata are relatively common in Facies 4,
and are distributed from Core U0060A-4R to -25R (Figs. 14.3-F7, -F9, and –F10). In Cores
U0060A-4R through -12R, the base of the normally graded sequence can be either siltstone,
sandstone, or stratified intraclast pebble conglomerate; below Core U0060A-12R, however,
stratified intraclast pebble conglomerate is absent, and sandstone is less common. In Cores
U0060A-20R through -25R, some of the stratified siltstones/sandstones of Facies 4 have
sharp tops and are totally or partially inversely graded; in some cases, complex coarseningup and fining-up patterns are stacked at the cm-scale (Fig. 14.3-F10).

Figure 14.3-F7. Photograph of silty mudstone/muddy siltstone of Facies 4. (Interval
U0060A-20R-4A, 119-122 cm).

Figure 14.3-F8. Photograph of sandy mudstone/muddy sandstone of Facies 4. Note
intraclast conglomerate in basal 1 cm, and green color of the glauconitic sand. (Interval
U0060A-6R-2A, 103-111 cm).

14.3-8

Chapter 14. Site U0060
14.3 Lithostratigraphy

Proceedings of the Baffin Bay
Scientific Coring Program

Figure 14.3-F10. Photograph of thinbedded siltstones of Facies 4. Note sharp
base and small load structures at 21.5 cm,
and fining-up interval at 21.3-21.5 cm.
Also note coarsening-up interval at 18.1
to 18.5 cm, and sharp top at 18.1 cm.
(Interval U0060A-20R-6A, 18-22 cm).

Figure 14.3-F9. Photograph of intraclast
conglomerate grading upward into sandy
mudstone/muddy sandstone of Facies 4.
(Interval U0060A-8R-2A, 36-43 cm).

Table 14.3-T3. Thin section results from Hole U0060A.
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Sediments of Facies 4 display a wide range of sedimentary structures. Lamina-scale
intervals are dominated by parallel lamination (Fig. 14.3-F7), whereas cm-scale strata
contain a more diverse assemblage of structures (Figs. 14.3-F8 and -F11): parallel
(horizontal) lamination, ripple cross-lamination, scours within amalgamated beds,
combined flow ripples (reminiscent of the “micro-hummocky lenses” form of hummocky
cross-stratification; Dott and Bourgeois, 1982) and oscillation ripples (Fig. 14.3-F12). Load
structures are common on the sharp bases of Facies 4 strata, with flame structures
developed locally. Convolute and contorted laminae are also present (Fig. 14.3-F13).

Figure 14.3-F11. Photograph of sedimentary structures in medium bed of muddy
sandstone in Facies 4. Parallel laminae below 22 cm; scours at 18-21 cm; ripple crosslamination at 15-17 cm; and combined flow ripples at 17-20 cm. (Interval U0060A-12R-4A,
15-28 cm.)
Compositionally, the clastic component of Facies 4 is dominated by quartz (Tables
14.3-T1 and -T2), with lesser abundances of feldspar and heavy minerals. Recrystallized
and glauconite-replaced diatoms are present to common, and glauconite is abundant in
some occurrences of Facies 4 (Fig. 14.3-F14). Pyrite is nearly ubiquitous, and carbonate
cements are widespread, variable in composition, and range up to dominant in abundance.
Intraclasts in the intraclast pebble conglomerate are dominated by glauconite, claystone,
and phosphatic material.
Very limited evidence for bioturbation was identified in Facies 4 during core
description. Recrystallized diatoms are present to common in all samples of Facies 4
analyzed by XRD or thin section (Tables 10.3-T1 and –T2).
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Figure 14.3-F12. Photograph of oscillation ripples in muddy sandstone of Facies 4. (Interval
U0060A-16R-6A, 24-32 cm).

Figure 14.3-F13. Photograph of convolute laminae in muddy sandstones of Facies 4
(Interval U0060A-21R-2A, 107-110 cm).
14.3.3.5 Facies 5 – Gray to Very Dark Gray Matrix-Support Intraclast Pebble Conglomerate
Facies 5 forms very thin to thin beds, with angular to rounded intraclasts of
claystone, black mudstone, glauconite, and phosphatic debris (Fig. 14.3-F15). Although the
intraclasts in beds of Facies 5 can show preferred alignment, those intraclasts are not
concentrated into distinct layers and remain matrix-supported. Beds of Facies 5 are sharpbased, and some have a sharp upper contact. In a few cases, the matrix-supported pebble
conglomerate of Facies 5 grades into very thin beds of the stratified pebble conglomerate of
Facies 4. Beds of Facies 5 are present only in Cores U0060A-4R through -7R.

14.3.4 Facies Interpretations
Facies 1 is interpreted as post-glacial hemipelagic to distal glacimarine mud based
on its characteristics, its stratigraphic position, and the location of Site U0060. The
presence of dispersed coarse terrigenous sand suggests ice transport, either as ice-rafted
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debris (IRD), by detached anchor ice, or from the surface of melting sea ice during seasonal
break-out. The abundance of diatoms records high productivity in the surface waters at the
same time, probably as a result of water-column mixing due to winds or sea-ice edge
effects.

Figure 14.3-F14. Photomicrographs of silty sandstone of Facies 4. a) Sandy glauconitic
layers contain intraclasts and bioclastic material. The thin silt laminae contain glauconite
and abundant quartz. Plane-polarized light. b) Detailed view of sandy glauconitic layer,
showing quartz, glauconite, pyrite, and silicified crinoidal(?) bioclast. Plane-polarized light.
c) Same field of view as (b), cross-polarized light. (Sample U0060A-6R-2W, 105-108 cm).
The clast-enriched deposits of Facies 2 are interpreted as more proximal glacigenic
sediments. The most likely depositional setting for the mud with sand is a glacimarine
environment of intermediate proximity, with IRD supplied more rapidly than during the
deposition of Facies 1. Depositional options for the clast-poor muddy diamict include basal
till formed beneath grounded ice (i.e., “lodgement till”) and “rain-out till” formed beneath
an ice shelf. The data presently available for sediments of Facies 2 at Site U0060 do not
provide definitive evidence for either of these options.
The carbonaceous mudstones of Facies 3 are interpreted to record deposition in an
open marine environment at water depths close to, or below, storm wave base. This
interpretation is supported by multiple characteristics of Facies 3: its muddy texture, its
stratigraphic abundance and bedding thicknesses, its lack of current-produced
sedimentary structures, its dark color and organic carbon contents (total organic carbon
[TOC] contents generally of 2-5 wt%; see section “14.6 Geochemistry”), the widespread
distribution of pyrite, and its marine microfossil and macrofossil contents. The water
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column above this depositional site was productive to highly productive, at least
intermittently, in order to explain the abundance of diatomaceous material. However, the
absence of observable rhythmites in Facies 3 suggests that the detrital and biogenic
sediment inputs did not have a strong seasonal variation, since compositional rhythmites
are characteristic of sediments deposited beneath upwelling systems with strong
seasonality (e.g., Guaymas Basin, Gulf of California; Soutar et al., 1981). This conclusion is
particularly robust for the interval where diatomaceous material is abundant (i.e., Cores
U0060A-4R through -17R). The absence of bioturbation in Facies 3 indicates that these
sediments were inhospitable to benthic infauna, most likely due to anoxic conditions in the
sediments. The substrate itself also may have been unfavorable to benthic infauna,
particularly above Core U0060A-13R, due to the development of “soup-ground” conditions
caused by high sedimentation rates (Ekdale, 1985). The thinly laminated intervals in Cores
U0060A-13R and below, however, may indicate that a more normal “soft-ground” substrate
existed during deposition of those sediments. Whether anoxic conditions were present in
the overlying water column during any of the deposition of Facies 3, however, cannot be
evaluated with the data presently available.

Figure 14.3-F15. Photograph of matrix-supported intraclast conglomerate of Facies 5.
(Interval U0060A-5R-1A, 112-117 cm).
The stratified sediments of Facies 4 provide abundant physical evidence for
environmental conditions at the time of deposition, and suggest that details of the
depositional environment changed as the sequence cored at Site U0060 accumulated. The
prevalence of sharp-based siltstones, sandstones, and pebble conglomerates, often with
evidence of scouring and/or loading, indicates that many of the stratified sediments were
deposited rapidly, from relatively strong currents, on an unconsolidated muddy substrate.
The presence of convolute strata and flame structures supports this interpretation of rapid
deposition from relatively strong flows. The variety of primary sedimentary structures,
from parallel lamination to ripple cross-lamination to oscillation ripples, implies variability
in the characteristics of these flows, including important differences in flow velocity and
flow type.
The stratigraphic associations of specific lithologies and sedimentary structures
within Facies 4 provide important information for interpreting depositional environments.
These associations are (Fig. 14.3-F16):
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1) In Cores U0060A-12R to -25R, occurrences of Facies 4: a) commonly are normally
graded (fining upward) above a sharp base, b) include some strata with oscillation ripples
and/or combined flow ripples (Cores U0060A-12R to -21R), c) include some strata with
inverse grading (coarsening upward) to a sharp top (Cores U0060A-20R to -25R), and d)
lack stratified pebble conglomerates (except for one thin bed of intraclast granule
conglomerate at Interval U0060A-12R-5, 20-24 cm).
2) In Cores U0060A-4R to -11R, occurrences of Facies 4: a) commonly are normally
graded above a sharp base, b) include some strata with basal stratified intraclast pebble
conglomerates; c) lack evidence of oscillatory flow influence; and c) lack inversely graded
beds with sharp tops.
Given the open marine, mid-shelf or deeper depositional setting indicated by the
carbonaceous mudstones of Facies 3, the stratified siltstones/sandstones/intraclast pebble
conglomerates of Facies 4 are most readily interpreted as recording two separate, but
linked, depositional environments:
1) The association of lithologies, bedding styles, and sedimentary structures in
Facies 4 in Cores U0060A-12R to -25R is interpreted to record deposition on a mid- to
outer-shelf setting, intermittently located at - or just above - storm wave base. In this
setting, the coarser sediments (limited to silts and sands) were supplied by a combination
of storm-generated offshore flows (i.e., as sharp-based, fining-up distal shelf storm
deposits; see section “10.3 Lithostratigraphy” for further discussion of shelf storm
deposits) and river discharge-driven hyperpycnal flows (i.e., as coarsening-up, sharptopped hyperpycnites; see section “12.3 Lithostratigraphy” for further discussion of
hyperpycnites). The distribution of sharp-based vs. sharp-topped beds of Facies 4 suggests
that the relative importance of discharge-driven hyperpycnal flows decreased through
time. Oscillatory motion due to storm waves impinged on the seafloor during times of
increased wave energy and/or slightly lowered sealevel, forming the oscillation ripples and
combined flow ripples that are present intermittently between Cores U0060A-12R and 21R.
2) The association of lithologies, bedding styles, and sedimentary structures in
Facies 4 in Cores U0060A-4R through -12R is interpreted to record deposition by higherenergy flows below storm wave base, due to the presence of stratified intraclast pebble
conglomerates and the absence of wave-influenced sedimentary structures. This
combination of characteristics suggests deposition in a deeper-water setting with an
increased bathymetric gradient, such as an upper slope or the deeper portion of a ramplike margin. In this setting, the sharp-based, normally graded, thin to medium beds of
Facies 4 are interpreted as the deposits of relatively thin unconfined turbidity currents,
although variations in flow strength and/or sediment supply are indicated by variations in
the grain size of the basal sediments of these strata (see section “6.3 Lithostratigraphy” for
further discussion of turbidites). These flows may have had a range of causes, including
storm-generated or discharge-generated underflows that moved beyond the edge of the
shelf; sediment destabilization by very high rates of deposition, as would be expected for
an area underlying highly productive surface waters; or sediment destabilization by
seismic activity. The data presently available for Facies 4 above ~110 mbsf do not allow us
to distinguish between these potential triggering mechanisms.
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Figure 14.3-F16. Summary of the stratigraphic distribution of sediment characteristics and
interpreted depositional processes in the pre-Quaternary sediments at Site U0060.
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The matrix-supported intraclast pebble conglomerates of Facies 5 are restricted to
the interval of Cores U0060A-4R to -7R, where the characteristics of Facies 3 and 4 suggest
that deposition was occurring in an upper slope-type setting, with increased bathymetric
gradient and, potentially, high sedimentation rates. In this setting, the most internally
consistent interpretation of Facies 5 is that it represents the deposits of relatively small
subaqueous debris flows (i.e., small-scale debrites).

14.3.5 Unit Descriptions and Interpretations
Based on visual core descriptions and smear slide analyses, the sediments at Site
U0060 are divided into two lithostratigraphic units.
14.3.5.1 Unit I
Interval: U0060A-1R-1, 0 cm, through -4R-1, 35 cm
Depth: 0–27.75 mbsf
Age: Quaternary
Unit I is composed of the soft olive brown to dark grayish brown biosiliceous muds
of Facies 1, underlain by the mud with sand and diamicts of Facies 2. Clasts within the
diamicts are dominated by gneisses and granites/granitoids, with lesser amounts of other
lithologies.
The stratigraphic position of Unit I and the characteristics of Facies 1 and 2 support
interpretation of these sediments as glacigenic and ice-proximal glacimarine (Facies 2) and
postglacial distal glacimarine to hemipelagic (Facies 1) deposits. The vertical succession of
these lithologies in Core U0060A-1R is consistent with a glacial retreat sequence, grading
upward from an “ice contact” or “rain-out” diamict, through proximal glacimarine deposits
and distal glacimarine deposits, to the most open-water deposits of siliceous muds.
14.3.5.2 Unit II
Interval: U0060A-4R-1, 35 cm, through -25R-CC
Depth: 27.75–239.56 mbsf
Age: late Cenomanian to early Turonian
Unit II is dominated by the carbonaceous mudstones (± “diatomite”) of Facies 3,
interbedded above ~110 mbsf with low to moderate abundances of the stratified
siltstones/sandstones/intraclast pebble conglomerates of Facies 4 and very low
abundances of the matrix-supported intraclast conglomerates of Facies 5. Below ~110
mbsf, the carbonaceous mudstones (± “diatomite”) of Facies 3 are interbedded with low to
moderate abundances of stratified siltstones and sandstones only, but the latter contain
evidence of intermittent wave influence.
The compositional and textural characteristics of Facies 3, combined with the
textures, bedding styles and abundance, and sedimentary structures of Facies 4 and 5,
indicate that Unit II was deposited in an open-marine setting, and that the water depth and
bathymetric gradient of that setting increased through time (Fig. 14.3-F17). Throughout
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the deposition of Unit II, however, the surface waters above this site were highly
productive, at least intermittently, as indicated by the highly variable abundance of
diatomaceous material (opal-CT). Anoxic conditions were present in the sediments during
deposition of Unit II, and may have extended into the overlying water column.
The lower ~60% of Unit II (~110–239 mbsf) is interpreted to have been deposited
in a mid- to outer-shelf environment, intermittently located at – or just above – storm wave
base. Coarse sediments (i.e., silts and sands) were supplied episodically by a combination of
storm-generated offshore flows and river discharge-driven hyperpycnal flows, with the
importance of the latter apparently decreasing through time. Oscillatory motion due to
storm waves impinged on the seafloor during times of increased wave energy and/or
slightly lowered sea level.
During deposition of the upper ~40% of Unit II (~27.75–110 mbsf), the
depositional environment is interpreted to have deepened, and the bathymetric gradient at
Site U0060 increased. These two characteristics suggest that the upper ~40% of Unit II was
deposited in an upper slope setting. Under these conditions, hemipelagic deposition was
interrupted episodically by relatively thin, unconfined turbidity currents and relatively
small debris flows, producing the stratified siltstones/sandstones/pebble conglomerates of
Facies 4 and the matrix-supported pebble conglomerates of Facies 5, respectively.
The transition in depositional environment recorded in Unit II – from a mid/outershelf setting to an upper slope setting – is consistent with the change from shelf sediments
in the stratigraphically older sequences recovered at Site U0065 (see section “12.3
Lithostratigraphy”) and U0061 (see section “10.3 Lithostratigraphy”) to slope sediments in
the stratigraphically younger sequence recovered at Site U0070 (see section “6.3
Lithostratigraphy”). In addition, the sequence at Site U0060 helps place this change in
depositional setting – which may reflect changes in basin depth and/or basin-margin
geometry due to faulting – as having occurred very late in the Cenomanian.

14.3.6 X-Ray Diffraction Results
A qualitative and ratio-based summary of XRD results is given in Tables 14.3-T1 and
-T2. No samples from Lithostratigraphic Unit I were analyzed. The bulk XRD measurements
of samples from Lithostratigraphic Unit II show a quartz-rich composition, with consistent
presence of clay minerals and varying presence of feldspars. The clay mineral assemblage
in Unit II is dominated by illite and kaolinite. An expandable phase (apparently interlayered
illite-smectite) has been identified only on the diffractograms of two anomalous yellowishbrown claystone layers. The presence of an expandable phase in these claystones suggests
that they may be altered volcanic ash layers (i.e., bentonites).
In addition to their detrital components, samples from Unit II also contain varying
amounts of several diagenetic phases: opal-CT, pyrite, and siderite. The distribution of
opal-CT, especially its increased abundance in Cores U0060A-17R and above, is also
indicated by thin section and sediment grain density data (see section “14.5 Physical
Properties”). The XRD results, however, help confirm the very heterogeneous distribution
of opal-CT at Site U0060. The distribution of siderite is very localized, as noted by the
locations of well-cemented or nodular zones during visual core description. The intervals
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cemented with siderite can also be recognized in the physical properties data by their very
high velocities and magnetic susceptibilities (see section “14.5 Physical Properties”).

Figure 14.3-F17. Summary of the stratigraphic distribution of depositional environments
interpreted for Lithologic Unit II, Site U0060.
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14.4 Chronostratigraphy
14.4.1 Introduction
The chronostratigraphy for Site U0060 is constrained biostratigraphically by
calcareous nannofossils, planktonic and benthic foraminifera, diatoms, dinoflagellate cysts,
pollen, and spores. In addition, the natural remanent magnetization (NRM) measured
before and after magnetic cleaning was used to determine the magnetostratigraphic
polarity. Lithostratigraphic Unit I (0–27.75 mbsf) is Quaternary in age based on the
presence of Quaternary Arctic benthic foraminifera and an assemblage of polar open
marine diatoms in the uppermost part of the unit indicating an age of <0.305 Ma. The
normal polarity within this interval is assigned to the Brunhes Chron (C1n; 0‒0.781 Ma).
Palynomorphs in Lithostratigraphic Unit II (27.75–239.56 mbsf) indicate a Cenomanian to
Turonian succession based on the presence of the dinoflagellate cysts Cauveridinium
membraniphorum, Isabelidinium magnum, and Trithyrodinium suspectum, together with the
pollen Rugubivesiculites rugosus. In addition, the highest occurrence of Wrevittia cassidata
and lowest occurrence of Heterosphaeridium difficile within the section indicate that the
Cenomanian/Turonian boundary (93.9 Ma) is located between ~50 and 70 mbsf. Poorly
preserved assemblages of diatoms and calcareous nannofossils also support this age
assignment. The normal polarity within this interval is assigned to the Cretaceous Long
Normal Polarity interval (Superchron C34n; 83.64‒125.93 Ma).

14.4.2 Paleontology
Samples from Site U0060 were examined for calcareous nannofossils, foraminifera,
diatoms, dinoflagellate cysts, pollen, and spores. Samples were collected from core catchers
of each core, with additional samples (primarily for calcareous nannofossils, diatoms, and
dinoflagellate cysts) taken from split-core sections. The primary results from all fossil
groups are summarized in Figure 14.4-F1. The uppermost part of the ~27.75 m of glacial
sediment contains very rare benthic foraminifera and a well-preserved assemblage of polar
marine diatoms. Lithostratigraphic Unit II (27.75–239.56 mbsf) is barren of foraminifera,
but contains poorly preserved assemblages of calcareous nannofossils and diatoms. In
addition, a diverse assemblage of dinoflagellate cysts, together with less common pollen
and spores, indicate a Cenomanian to Turonian succession for this unit.
14.4.2.1 Calcareous Nannofossils
Thirty-one samples from Site U0060 were analyzed for calcareous nannofossils
(Appendix Table 14.4-AT1). Of those, 12 samples between 27.90 and 81.76 mbsf (U0060A4R-1, 50-51 cm to -9R-CC, 13-17 cm) contain very rare to few poorly preserved
nannofossils. Most specimens are unrecognizable; however, a few taxa characteristic of the
Cretaceous could be identified in some samples. The identifiable components of the
assemblage consist of Cyclagelosphaera spp. (mostly C. reinhardtii) and Watznaeuria spp.,
together with a single specimen of Prediscosphaera. Questionable occurrences of Quadrum
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gartneri and Quadrum intermedium in Samples U0060A-5R-CC, 13-17 cm (40.61 mbsf) and
-7R-CC, 19-23 cm (59.86 mbsf), respectively, provide the only possible age control for the
site based on calcareous nannofossils. Quadrum intermedium has a first appearance datum
at 94.07 Ma in the latest Cenomanian, whereas Q. gartneri first appears at 93.55 Ma in the
earliest Turonian (Gradstein et al., 2012). The questionable nature of their identification,
together with single occurrences for each species, does not allow for assignment of the
sediments to a zone; however, it could suggest that the sediments are of late Cenomanian
age or younger, which is consistent with the interpretation based on dinoflagellate cysts
(see section “14.4.2.4 Dinoflagellate Cysts”). The remainder of the samples examined, from
U0060A-10R-CC, 46-51 cm to -25R-CC, 12-16 cm (87.94‒239.52 mbsf), are barren of
calcareous nannofossils.
14.4.2.2 Foraminifera
Fourteen samples (Appendix Table 14.4-AT1) from Hole U0060A were processed
and analyzed for foraminifera. A single specimen of the agglutinated benthic foraminifera
Cribrostomoides cf. crassimargo occurs in Sample U0060A-1R-CC, 8-12 cm (2.30 mbsf). This
taxon has been reported from modern and Quaternary sediments on the Arctic shelf (Vilks,
1969). The remaining samples are barren.
14.4.2.3 Diatoms
Moderately well preserved diatoms occur in Sample U0060A-1R-1, 6 cm (0.06
mbsf); below this, within Lithostratigraphic Unit I (0–27.75 mbsf) in Sample U0060A-1RCC, 8-12 cm (2.30 mbsf), preservation worsens (in terms of fragmentation) and abundance
drops to trace values (Appendix Table 14.4-AT1). The assemblage in Sample U0060A-1R-1,
6 cm (0.06 mbsf) includes typical open marine polar diatom species Actinocyclus
curvatulus, Coscinodiscus spp., Thalassiosira gravida, and Thalassiothrix longissima. An age
of late Pleistocene to Quaternary, less than 0.305 Ma, is assigned to this sample based on
the presence of the above listed taxa and the absence of Proboscia curvirostris (last
appearance datum [LAD] 0.295–0.305 Ma) and Thalassiosira jouseae (LAD 0.295–0.305 Ma)
(Koç et al., 1999).
Samples U0060A-2R-CC, 9-11 cm to -25R-CC, 12-16 cm (10.89–239.52 mbsf) are
either barren or contain an extremely poorly preserved (as opal-CT) assemblage of
diatoms. Samples U0060A-4R-CC, 11-13 cm, -5R-CC, 13-17 cm, -8R-CC, 22-27 cm, and -14RCC, 20-23 cm (29.99, 40.61, 69.60, and 129.79 mbsf, respectively) contain a number of
specimens that can be tentatively assigned to the following taxa: Cortinocornus? sp. A of
Witkowski et al. (2011), Costopyxis schulzii, Costopyxis sp., Gladiopsis sp., Gladiopsis
speciosus, and Paralia spp., along with fragmented sponge spicules (Appendix Table 14.4AT1). An age of late Cretaceous (late Cenomanian to early Campanian) may be tentatively
assigned to Samples U0060-4R-CC, 11-13 cm to -5R-CC, 13-17 cm (29.99–40.61 mbsf) due
to the similarity of the assemblage to that described by Tapia and Harwood (2002) from
the Arctic archipelago and northern continental margin of Canada. It was not possible to
assign the samples to one of the biostratigraphic zones erected by Tapia and Harwood
(2002); however, the similarity of the assemblage observed at Site U0060 to the guide
fossils for the Costopyxis antiqua and Galdius antiquus zones suggests an age of late
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Cenomanian to early Campanian, although it must be noted that due to the extremely poor
preservation of the material this age assignment should be utilized with caution. The
tentative identification of Gladiopsis speciosus, Paralia spp., and Costopyxis spp. indicates an
inner neritic paleoenvironment for these samples (Witkowski et al., 2011) which suggests a
considerable amount of transportation to the site of deposition in a presumed outer shelf to
upper slope setting (see section “14.3 Lithostratigraphy”), which is consistent with the
poor preservation (particularly fragmentation) of the diatoms within this material.

Figure 14.4-F1. Chronostratigraphic summary for Site U0060.
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14.4.2.4 Dinoflagellate Cysts
A total of 17 samples from Hole U0060A were examined for dinoflagellate cysts and
selected spores, pollen, and algae (Appendix Table 14.4-AT2). The organic matter in
Samples U0060A-4R-CC, 11-13 cm through -25R-CC, 12-16 cm (29.99‒239.52 mbsf) is
dominated by aquatic amorphous organic material with a fluffy, clotted, spongy, and
granular appearance, whereas structured, terrestrial material constitutes a minor part.
In addition to the amorphous organic and terrestrial material, a diverse assemblage
of marine dinoflagellate cysts and algae (Figs. 14.4-F2 to -F4), suggesting a late
Cenomanian to early Turonian age, were recorded from all samples examined (Appendix
Table 14.4-AT2). The variation in abundance and diversity of dinoflagellate cysts and algae
in these cores is likely biased because of differences in processing and time spent on the
samples. In addition, the amount of amorphous organic material present tends to obscure
observation of specimens making accurate assessment of assemblage composition
problematic.

Figure 14.4-F2. Photomicrographs of dinoflagellate cysts from Site U0060. A–D
Chatangiella granulifera, E–G Chatangiella tripartita, and H–J Isabelidinium magnum.
Images A, D, and I are from Sample U0060A-6R-CC, 18-22 cm (49.85 mbsf). Images B and C
are from Sample U0060A-4R-CC, 11-13 cm (29.99 mbsf). Image E is from Sample U0060A14R-CC, 20-23 cm (129.79 mbsf). Images F and H are from Sample U0060A-13R-CC, 18-23
cm (119.92 mbsf). Image G is from Sample U0060A-9R-CC, 13-17 cm (81.76 mbsf). Image J
is from Sample U0060A-25R-CC, 12-16 cm (239.52 mbsf).
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Figure 14.4-F3. Photomicrographs of dinoflagellate cysts from Site U0060. All images are of
Heterosphaeridium difficile. Images A and B are from Sample U0060A-4R-CC, 11-13 cm
(29.99 mbsf). Images C–G are from Sample U0060A-6R-CC, 18-22 cm (49.85 mbsf).
Paleoenvironment and Age
The lowest occurrence of Heterosphaeridium difficile, which has a first appearance
datum (FAD) in the early Turonian, and the first common occurrence of Chatangiella
granulifera in Sample U0060A-6R-CC, 18-22 cm (49.85 mbsf), together with the
dinoflagellate cysts Cauveridinium membraniphorum, Chatangiella tripartita, Isabelidinium
magnum, and Trithyrodinium suspectum (Figs. 14.4-F2 to -F4) in the upper part of
Lithostratigraphic Unit II (29.99‒49.85 mbsf) and the pollen Rugubivesiculites rugosus (Fig.
14.4-F4) in Sample U0060A-6R-CC, 18-22 cm (49.85 mbsf), indicate a Turonian age for this
interval (Appendix Table 14.4-AT2). Sample U0060A-7R-2, 13-17 cm (58.17 mbsf) is
glacuonite rich and barren of palynomorphs, whereas the 11 samples from the lower part
of the hole (Samples U0060A-8R-CC, 22-27 cm through -25R-CC, 12-16 cm [69.60‒239.52
mbsf]) contain an upper Cenomanian assemblage characterized by the presence of C.
membraniphorum, C. tripartita, I. magnum, and T. suspectum, together with the
biostratigraphically important Wrevettia cassidata (Fig. 14.4-F4) in Sample U0060A-18RCC, 28-33 cm (172.39 mbsf) (Appendix Table 14.4-AT2).
Chatangiella granulifera and H. difficile have first appearance datums (FADs) at the
base of the Turonian according to Costa and Davey (1992). Williams et al. (2004) suggest a
FAD for H. difficile within the lower Turonian, whereas Bell and Selnes (1997) suggest an
early to middle Cenomanian age for the FAD of H. difficile in offshore Norway. Wrevittia
cassidata has its LAD in the upper part of the upper Cenomanian organic-rich Plenus Marl,
onshore Great Britain (Pearce et al., 2009), where it overlaps with the first common
occurrence of C. membraniphorum (Dodsworth, 2000; Pearce et al., 2009). Thus, the
occurrences of H. difficile and W. cassidata in Hole U0060A can be used to constrain the
position of the Cenomanian/Turonian boundary, which we place at approximately 50–70
mbsf.
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The moderately high dinoflagellate cyst diversity (Appendix Table 14.4-AT2) and
the minor amount of terrestrially derived material indicate a marine depositional
environment. A few specimens of the prasinophyte algal genus Tasmanites (Fig. 14.4-F4)
occur in two samples (Samples U0060A-19R-CC, 13-17 cm [81.76 mbsf] and -16R-CC, 1419 cm [152.07 mbsf]) (Appendix Table 14.4-AT2). This genus, which may be associated
with high latitude, nutrient-rich marginal marine settings, is common in many oil-prone
source rocks.

Figure 14.4-F4. Photomicrographs of dinoflagellate cysts from Site U0060. Image A is from
Sample U0060A-10R-CC, 46-51 cm (87.94 mbsf). Images B and D are from Sample U0060A11R-CC, 16-20 cm (95.72 mbsf). Image C is from Sample U0060A-21R-CC, 13-18 cm
(200.20 mbsf). Images E and G are from Sample U0060A-6R-CC, 18-22 cm (49.85 mbsf).
Image F is from Sample U0060A-25R-CC, 12-16 cm (239.52 mbsf). Image H is from Sample
U0060A-18R-CC, 28-33 cm (172.39 mbsf).
14.4.2.5 Pollen and Spores
Twenty-two samples were analyzed for pollen and spores from Site U0060
(Appendix Table 14.4-AT3). The palynofacies are dominated by amorphous organic matter,
soft organic debris, algae, and bryophyte spores, with pyrite and glauconite grains
indicating deposition under marine conditions (Fig. 14.4-F5). As with other sites cored
during the expedition (Sites U0061, U0065, and U0070), the pollen and spore abundances
at Site U0060 show changes in dominance among megaspores, gymnosperms, and
miospores. In general, the abundance of palynomorphs is low in Hole U0060A, with little
variation throughout, although the near total absence of bisaccates or other gymnosperms
(referred to as conifers from here on) in some parts of the hole is notable and distinct from
other sites. This is interesting because conifer pollen is generally transported the greatest
distances and is often found in sediments when all other pollen is absent, such as in a distal
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marine setting. The assemblage at Site U0060 also contains only very scarce traces of
angiosperm pollen. Angiosperms were quite diverse by the late Cenomanian, so the low
abundances of angiosperm pollen at Site U0060, together with the high percentage of
Uesuguipollenites pollen (Fig. 14.4-F6) near the top of the hole, suggests poor preservation
potential as would be expected in a distal marine environment. This hole is divided into
three informal intervals based on small changes to the assemblage in a section with
otherwise little variation.

Figure 14.4-F5. Photomicrograph of a typical palynofacies for Site U0060. Image from
Sample U0060A-11R-CC, 16-20 cm (95.72 mbsf).
Pityosporites/Uesuguipollenites Interval
Samples U0060A-4R-CC, 11-13 cm to -11R-CC, 16-20 cm (29.99–95.72 mbsf)
contain common to abundant Uesuguipollenites (Fig. 14.4-F6). The affiliation of
Uesuguipollenites is unclear, but it seems these pollen mirror the presence of
gymnosperms. In the sediment they might be an analog of modern Cyperaceae, which live
in lowlands and tolerate the brackish to saline waters of lagoons and estuaries.
Pityosporites is the most common pollen among the conifers (Fig. 14.4-F7).
Gymnosperm Depleted Interval
Samples U0060A-12R-CC, 20-26 cm through -20R-CC, 12-18 cm (111.29–190.93
cm) are characterized by a near absence of gymnosperm pollen, although Samples U0060A16R-CC, 14-19 cm (152.07 mbsf) and -17R-CC, 9-13 cm (162.28 mbsf) contain few numbers
of Pityosporites, Rugubivesiculites, and Podocarpidites. This interval also contains sporadic
miospores and megaspores, as well as the consistent but rare presence of Uesuguipollenites.
Rugubivesiculites/Fern Spores Interval
Samples U0060A-21R-CC, 13-18 cm through -25R-CC, 12-16 cm (200.20–239.52
mbsf) are characterized by trace occurrences of gymnosperms, with a short spike in
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Rugubivesiculites pollen in Sample U0060A-21R-CC, 13-18 cm (200.20 mbsf). Overall,
pollen and spore abundances are low in this interval, with relatively equal proportions of
megaspores and miospores. Other conifers are mostly represented by Pityosporites and
Piceaepollenites pollen. Some angiosperm pollen, mostly Triporopollenites and Tricolpites,
occur in trace amounts (Fig. 14.4-F7).

Figure 14.4-F6. Photomicrographs of Uesuguipollenites pollen from Site U0060. Image A is
from Sample U0060A-18R-CC, 28-33 cm (172.39 mbsf). Image B is from Sample U0060A5R-CC, 13-17 cm (40.61 mbsf). Image C is from Sample U0060A-4R-CC, 11-13 cm (29.99
mbsf). Image D is from Sample U0060A-22R-CC, 18-22 cm (208.68 mbsf).
Age and Paleoenvironment
The terrestrial palynomorphs indicate some environmental fluctuation during
deposition of the sediments at Site U0060. The pollen assemblages suggest changing
distance from the shoreline to the site of deposition over time, most likely related to sea
level oscillation and possibly mirroring changes in climate. Based on the assemblages
present, there is not enough evidence to postulate that the conifer forest with fern
understory in the hinterland was significantly reduced or replaced by other types of
vegetation. Instead, changes most likely occurred in the structure of the conifers and ferns,
rather than in their overall abundance, as the environment was still very warm and humid.

14.4.3 Paleomagnetism
The investigation of magnetic properties from the 23 cores with sufficient amounts
of sediment collected at Site U0060 included the measurement of bulk susceptibility of
whole-core and split-core sections and the natural remanent magnetization (NRM) of
archive-half sections (Appendix Table 14.4-AT4). Alternating field (AF) demagnetization at
10 and 20 mT was conducted on all cores at 5-cm resolution. Stepwise AF demagnetization
on 24 discrete samples was performed at successive peak fields of 0, 5, 10, 15, 20, 25, 30,
35, 40, 50, and 60 mT to verify the reliability of the split-core measurements (Appendix
Table 14.4-AT5). Twelve samples yielded excellent fits with principal component analysis
(PCA; Kirschvink, 1980), having a maximum angular deviation of <5°, four samples with an
acceptable <10°, and seven with fits between 10° and 20°. The location of the discrete
samples taken at Hole U0060A is indicated in the inclination and declination panels of
Figure 14.4-F8. We cleaned the split-core data extracted from the LIMS database by
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removing all measurements from within 5 cm of the section ends. Although the rotary
cores are fractured to varying degrees by the drilling process, there were no specific
intervals that needed to be removed from the measurements because they might have
caused problems with the magnetic measurements.

Figure 14.4-F7. Photomicrographs of spores and pollen from Site U0060. Images A and B
are from Sample U0060A-21R-CC, 13-18 cm (200.20 mbsf). Images C and D are from
Sample U0060A-24R-CC, 7-10 cm (228.36 mbsf). Images E and F are from Sample U0060A6R-CC, 18-22 cm (49.85 mbsf).
14.4.3.1 Natural Remanent Magnetization and Magnetic Susceptibility
The intensity of NRM after 20-mT demagnetization ranges from ~10-5 to ~10-1 A/m,
with a mean of 1.1 × 10-2 A/m before and 2.2 × 10-3 A/m after AF demagnetization (Fig.
14.4-F8). Within the diamict of Lithostratigraphic Unit I (0–27.75 mbsf), the intensity is on
the order of ~10-1 to ~10-2 A/m (mean = 3.7 × 10-1 A/m); in the carbonaceous mudstones
of Lithostratigraphic Unit II, the intensity decreases by one to two orders of magnitude to
~10-3 to ~10-5 A/m (mean = 4.4 × 10-4 A/m).
Despite the overall low magnetic intensities in Lithostratigraphic Unit II, a relatively
stable magnetic component, which allows for the determination of magnetic polarity, was
preserved. A magnetic overprint with steep positive inclinations, which was probably
acquired during drilling, was usually erased by the 20-mT demagnetization step (Fig. 14.4F9). The demagnetization behavior of six discrete samples that yielded excellent PCA
results is illustrated in Figure 14.4-F9.
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Figure 14.4-F8. Summary of paleomagnetic data and magnetostratigraphy at Site U0060.
Discrete sample locations are indicated in the declination and inclination columns by red
symbols. The polarity stratigraphic interpretation is given with black intervals
representative of normal polarity and white indicating reversed polarity. NRM intensity,
declinations, and inclinations prior to demagnetization are plotted with blue symbols and
after 20-mT demagnetization with green symbols.
Magnetic susceptibility measurements were made on whole cores as part of the
Whole-Round Multisensor Logger (WRMSL) analysis and on split-core sections using the
Section-Half Multisensor Logger (SHMSL) (see section "14.5 Physical Properties").
Magnetic susceptibility is consistent between the two instruments (Fig. 14.4-F8) and in
general parallel to the intensity of magnetic remanence. It varies between -6.8 × 10-6 and
1.5 × 10-2 (SI volume units; Fig. 14.4-F8 first panel; split-core measurements are offset by a
factor of 10) with an average of 6.3 × 10-3 (SI volume units) in the diamict and 1.1 × 10-4 in
the underlying Cretaceous mudstones and shales, which is comparable to material
properties from other Expedition 344S sites.
14.4.3.2 Magnetostratigraphy
Only magnetic inclinations were used for the magnetostratigraphic interpretation at
this site. The geomagnetic field at the latitude of Site U0060 (75.716°) has an expected
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inclination of 82.75°, assuming a geocentric axial dipole field model, which is sufficiently
steep to determine magnetic polarity in RCB cores that lack horizontal orientation.
Despite the low recovery above the unconformity at 27.75 mbsf, magnetic
inclinations of split core and discrete samples indicate that only the Brunhes Chron (C1n;
0–0.781 Ma) is recorded (Fig. 14.4-F8). This is constrained by a diatom assemblage that
indicates an age <0.305 Ma. The long normal polarity interval below the unconformity at
27.75 mbsf is constrained by palynomorphs to the Cenomanian to Turonian and assigned
to Superchron C34n (83.64–125.93 Ma).

Figure 14.4-F9. Demagnetization results for four discrete samples. For each sample, the
plot to the left shows the vector end points of paleomagnetic directions on vector
demagnetization diagrams or modified Zijderveld plots (red squares are inclinations and
blue circles declinations), and the plot to the right shows the intensity variation with
progressive demagnetization. Those data outlined in black were used to compute mean
directions from principal component analysis.

14.4-11

Chapter 14. Site U0060
14.4 Chronostratigraphy

Proceedings of the Baffin Bay
Scientific Coring Program

14.4.4 References
Bell, D.G. and Selnes, H., 1997. The first appearance datum (FAD) of Heterosphaeridium
difficile (Manum & Cookson), dinoflagellata, in clastic deposits offshore Norway. Journal of
Micropalaeontology, 16, 30.
Costa, L.I. and Davey, R.J., 1992. Dinoflagellate cysts of the Cretaceous System. In Powell, A.J.
(Ed.), A Stratigraphic Index of Dinoflagellate Cysts. Chapman & Hall, London, 99–131.
Dodsworth, P., 2000. Trans-Atlantic dinoflagellate cyst stratigraphy across the
Cenomanian–Turonian (Cretaceous) Stage boundary. Journal of Micropalaeontology, 19,
69–84.
Gradstein, F.M., Ogg, J.G., Schmitz, M., and Ogg, G., 2012. The Geologic Time Scale 2012.
Elsevier Science Ltd., 1176p, 2 volumes.
Kirschvink, J.L., 1980. The least-squares line and plane and the analysis of paleomagnetic
data. Geophysical Journal of the Royal Astronomical Society, 62, 699–718.
Koç, N., Hodell, D.A., Kleiven, H., and Labeyrie, L., 1999. High resolution diatom
biostratigraphy of Site 983 and correlations with isotope stratigraphy. In Raymo, M.E.,
Jansen, E., Blum, P., and Herbert, T.D. (Eds.), Proceedings of the Ocean Drilling Program,
Scientific Results: 162, College Station, Texas (Ocean Drilling Program), 51–62.
Pearce, M.A., Jarvis, I., and Tocher, B.A., 2009. The Cenomanian–Turonian boundary event,
OAE2 and palaeoenvironmental change in epicontinental seas: new insights from the
dinocyst and geochemical records. Palaeogeography, Palaeoclimatology, Palaeoecology,
280, 207–234.
Tapia, P., M. and Harwood, D., M., 2002. Upper Cretaceous diatom biostratigraphy of the
Arctic archipelago and northern continental margin, Canada. Micropaleontology, 48(4),
303–342.
Vilks, G., 1969. Recent foraminifera in the Canadian Arctic. Micropaleontology, 15, 35–60.
Williams, G.L., Brinkhuis, H., Pearce, M.A., Fensome, R.A., and Weegink, J.W., 2004. Southern
ocean and global dinoflagellate cyst events compared: index events for the Late
Cretaceous–Neogene. In Exon, N.F., Kennett, J.P., and Malone, M.J. (Eds.), Proc. ODP, Sci.
Results, 189: College Station, TX (Ocean Drilling Program), 2–98.
Witkowski, J., Harwood, D.M., and Chin, K., 2011. Taxonomic composition, paleoecology and
biostratigraphy of Late Cretaceous diatoms from Devon Island, Nunavut, Canadian High
Arctic. Cretaceous Research, 32, 277–300.

14.4-12

Chapter 14. Site U0060
14.5 Physical Properties

Proceedings of the Baffin Bay
Scientific Coring Program

14.5 Physical Properties
14.5.1 Overview
Physical properties were measured on 22 cores and 55 discrete samples at Site
U0060 (Figs. 14.5-F1a, b). The physical properties of Lithostratigraphic Unit I (clast-poor
muddy diamict; 0 to 27.75 mbsf) are similar to those observed at other Leg 344S sites. In
particular, there is an abrupt decrease in bulk density and P-wave velocity at 0.2 mbsf, at
the boundary between consolidated glacial sediment and soft, unconsolidated postglacial
sediment above.
The physical properties of Cretaceous carbonaceous mudstone and stratified
siltstone found in Lithostratigraphic Unit II (27.75–239.56 mbsf) are strongly influenced by
the presence of low-density biogenic silica (opal-A and opal-CT), such as the recrystallized
remains of diatoms and sponge spicules (see section “14.3 Lithostratigraphy”). This
biogenic silica is the cause of low grain densities between 27.75 and 170 mbsf (Table 14.5T1; Fig. 14.5-F1a, b). Thin section analysis shows biogenic silica is still present in significant
amounts below this depth (see section "14.5 Lithostratigraphy"); however, the low density
of biogenic silica may be offset by increasing amounts of disseminated high-density
siderite.
Similar to most other Expedition 344S Sites, siderite cement appears to be the main
cause of decimeter- to meter-scale spikes in magnetic susceptibility, density, and velocity
and a corresponding reduction in porosity throughout Unit II. This cement commonly
occurs within coarser-grained laminated siltstone and silty mudstone beds and less
frequently in cemented mudstones. The occurrence of these cemented beds, as defined by
magnetic susceptibility and density peak, is more frequent relative to other sites with
typically three or more cemented beds per meter.

14.5.2 Measurements and Data Analysis
14.5.2.1 Whole Round Measurements
Measurements with the Whole-Round Multisensor Logger (WRMSL) were obtained
at 2.5 cm intervals for gamma ray attenuation (GRA) wet bulk density and magnetic
susceptibility (MS) for Core U0060A-1R and Cores U0060A-4R and below (Appendix Table
14.5-AT1). Cores U0060A-2R and -3R contained only washed gravel clasts, which were not
measured. Natural gamma radiation was measured at 10 cm intervals in the same sections.
P-wave velocity (Vp) measurements were made on the WRMSL only on Core U0060A-1R,
where sediment completely filled the core liner. The GRA density and MS data were cleaned
to remove spurious points caused by voids in the core and section breaks, and the GRA
density data were corrected for Cores U0060A-2R and below for the core diameter
variations as described in section “2.5 Physical Properties”.
The mean GRA bulk density value is 2.08 ± 0.28 g/cm3 for Lithostratigraphic Unit I
and 2.23 ± 0.12 g/cm3 for Lithostratigraphic Unit II. The natural gamma radiation counts
per second for Unit I (60 ± 7 cps) are slightly higher than the values in Unit II (48 ± 7 cps).
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The mean magnetic susceptibility of Unit I is 6.56×10-3 SI, an order of magnitude higher
than the mean of Lithostratigraphic Unit II (1.08×10-4 SI).

Figure 14.5-F1A. Downcore physical properties measurements. Downcore measurements
of bulk density (GRA = data from Whole-Round Multisensor Logger), grain density, P-wave
velocity and porosity. Grain density values typical of common aluminosilicate minerals and
calcite are shaded green. Opal ranges are indicated in the shaded yellow area. Anomalously
high NGR and low bulk density layers are indicated with purple arrows.
14.5.2.2 Split Core Color Spectroscopy
Color reflectance was measured at a resolution of 2.5 cm (Fig. 14.5-F1b; Appendix
Table 14.5-AT2). However, following detailed evaluation of the integrity of the color data
post completion of Hole U0070A (see section “6.5 Physical Properties”) we conclude there
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has been a progressive degradation in the quality of the measurements during the cruise.
Although we have included the data as appendices for completeness we are presently
unsure of their scientific value and therefore do not discuss them further here.

Figure 14.5-F1B. Downcore physical properties measurements. Downcore measurements
of (magnetic susceptibility (data from 0-27.75 mbsf not shown) and natural gamma
radiation. Grain density values typical of common aluminosilicate minerals and calcite are
shaded green. Opal ranges are indicated in the shaded yellow area. Anomalously high NGR
and low bulk density layers are indicated with purple arrows.
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14.5.2.3 Discrete Sample P-wave Velocity Measurements
No discrete P-wave measurements were made in Lithostratigraphic Unit I because
the only lithified material recovered from this interval were washed gravels. Discrete
samples from Lithostratigraphic Units II (53 cubes of 8 cm3 volume) were used for velocity
and for moisture and density (MAD) measurements (Table 14.5-T1; Appendix Table 14.5AT3).
P-wave samples were measured after 24 hours of degassing and seawater
saturation inside a vacuum chamber due to the high-saturated gas content of these samples
(see section “14.5 Geochemistry”). None of these velocity measurements have been
corrected to in situ temperature and pressure conditions.
Site U0060 is dominated by carbonaceous mudstone and this lithology represents
the majority of our samples (41 cubes). Uncemented mudstones have mean vertical (zdirection) P-wave velocity of 2480 ± 170m/s and identical horizontal (x, y) velocities of
2950 ± 160 m/s. Velocity anisotropy averages 16% and shows no systematic trend with
depth. The sole example of a cemented claystone has a much higher velocity (Vp(z)
4800 m/s), reflecting its low porosity (9%) than the other claystone sampled in this
site(2520 m/s z-axis P-wave and 28.9% porosity).
Eight discrete samples were from silty mudstone, muddy siltstone or siltstone.
Uncemented samples (n=4) have a slightly higher average velocity than mudstone (Vp(z)
2700 m/s) whilst the remaining cemented samples have much higher velocities (Vp(z) up
to 3700 m/s).
14.5.2.4 Moisture and Density (MAD) Measurements
The same 53 samples used for velocity measurements were also used for mositure
and density. These samples were indurated enough to be saturated with seawater under
vacuum. Two additional samples were collected from soft sediment in Core U0060A-1R
using a syringe and wet mass was measured immediately following sampling. Wet mass,
dry mass, and dry volume were measured, and from these measurements, percentage
water weight, porosity, dry density, bulk density, and grain density were calculated (Table
14.5-T1, Appendix Table 14.5-AT4).
Table 14.5-T1. Summary of physical properties for major lithofacies from Site U0060.

Similar to other Expedition 344S sites, in particular Site U0061 (see section “10.5
Physical Properties”), the low average grain densities within Lithostratigraphic Unit II
(2.51 g/cm3) are caused by the presence of biogenic silica (opal-A and opal–CT) in varying
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amounts (see section “10.3 Lithostratigraphy). We have used the same procedure as for
Site U0061 to estimate the concentration of biogenic silica. This assumes the grain
densities at this site represent a two component system comprising (a) biogenic silica with
a density of 2.0 g/cm3, and (b) aluminosilicate minerals with a density of 2.7 g/cm3. Using
this approach some samples (notably at 86.86 and 161.6 mbsf) are close to 100% opal.
However, for this site in particular, thin section examination shows siderite (3.96 g/cm3)
occurs in varying concentrations throughout this hole (see section “14.3
Lithostratigraphy”) and these values should be used as a guide to minimum opal
concentrations only.
The 41 carbonaceous mudstone samples have a mean porosity of 23% ± 4% and a
mean grain density of 2.51 ± 0.14 g/cm3. The two claystone samples have very different
values for porosity (9% and 29%). Their relative grain densities (2.73 and 2.60g/cm 3)
suggest the latter probably has a greater abundance of biosilica whilst the former is
cemented with calcite or dolomite, which has a slightly higher density than common
aluminosilicate minerals. Eight muddy siltstone, silty mudstone and siltstone samples were
processed and these have an average porosity of 20.1% ± 7.9%, with the scatter reflecting
the wider range of cementation of these samples. The two sandy mudstones analyzed have
values of 14.7% and 29.20%. All values for the major lithologies are presented in Table
14.5-T1.

14.5.3 Downhole Trends in Physical Properties
14.5.3.1 Lithostratigraphic Unit I
Lithostratigraphic Unit I (0.0–27.75 mbsf) consists of clast-poor muddy diamict.
Within this unit there is a marked decrease in bulk density and P-wave velocity from
2.0 g/cm3 and 1600 m/s to 1.25g/cm3 and 1500 m/s at ~0.2 mbsf. This transition
separates over-consolidated glacial sediment from postglacial sediment above. Isolated
density and velocity spikes are caused by the presence of gravel clasts within the diamict.
14.5.3.2 Lithostratigraphic Unit II
The physical properties suggest that a broad subdivision of Lithostratigraphic Unit
II can be made at ~170 mbsf. Above this depth, sediment is influenced by variable, but
generally moderate to high amounts of biogenic opal (Fig. 14.5-F1a, F2) in the form of opalCT as indicated by the occurrence of very low grain densities (mean 2.47 ± 0.16 g/cm3).
The high degree of scatter in grain density in this interval of the core suggests biogenic opal
is concentrated into dm- to meter-scale beds. Although these beds are not resolved by our
datasets there is some evidence for their existence in downhole logging sonic velocity and
porosity data (see section “14.7 Downhole Measurements”).
Below ~170 mbsf grain densities are much less variable and closer to those
associated with common aluminosilicate and Mg, Ca carbonate minerals (2.60 ±
0.03 g/cm3), indicating a reduced contribution from opal, although thin section
examination confirms it is still present (see section “14.3 Lithostratigraphy”). Both
magnetic susceptibility and natural gamma radiation measurements show a small
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increasing trend from ~170 mbsf to the base of the hole, indicating an increase in
radioactive lithogenic grains relative to non-radioactive biogenic opal with depth.
As for several other Expedition 344S Sites (U0061, U0065, U0070, U0080), meterscale variability of physical properties is evident throughout Hole U0060A, reflecting a
combination of lithologic change and the influence of pore-filling siderite cement. The
presence of siderite causes cm-scale magnetic susceptibility and GRA density spikes above
background. Qualitatively >80% of magnetic susceptibility spikes are associated with cmscale silt or silty mudstone beds, however, a few spikes are associated with Fe-bearing
cemented mudstone intervals. A key difference between U0060 and other sites (e.g. U0070,
see section “6.5 Physical Properties”) is that susceptibility spikes have lower amplitudes
(typically <3 times background) and occur more frequently (>3 per meter) indicating more
frequent influxes of silt-sized material to this site and a wider dissemination of siderite
throughout the hole.
Two intervals of abnormally high natural gamma radiation and low GRA density
occur from 212.2 to 214.25 and 216.5 to 218.1 mbsf. These are most likely caused by a
localized increase in the abundance of low-density, uranium-bearing organic material,
similar to that observed at Site U0065 (see section “12.5 Physical Properties”).

Figure 14.5-F2. Cumulative Vp (z-axis) TWT vs. depth. The red line shows the cumulative
velocity profile constructed from discrete velocity measurements excluding cemented
samples, compared with the pre-drilling velocity estimate of 2700 m/s shown in black
downhole wireline sonic measurements in blue. The dashed line denotes Quaternary
diamict where we have assumed a velocity of 2310 m/s in the absence of direct
measurements.
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14.5.4 Two-way Travel Time (TWT) from P-wave Velocity
P-wave velocities measured at discrete depth intervals were used to calculate the
vertical travel time in the hole between sample depths (Fig. 14.5-F2). Our time vs. depth
calculation is based on the Vp (z-axis) measurements only. No P-wave velocities were
obtained from the cored intervals containing only washed gravels (U0060A-2R and -3R).
Therefore, we have used the average velocity for Quaternary diamict recovered at Site
U0110 (2310 m/s) to characterize the interval between 1.43 and 27.75 mbsf. The wireline
sonic tool did not record any valid data shallower than 42.98 mbsf; therefore, we have
assigned the TWT time interpolated from our discrete measurements at 37.25 and
47.55 mbsf as the initial value for the wireline sonic measurements. In this case, our
laboratory measured Vp(z) for uncemented carbonaceous mudstone of 2520 m/s compares
reasonably well with the in situ wireline sonic tool average P-wave velocity of 2580 m/s for
depths below 120 mbsf. However, the average velocity from the downhole sonic tool is
2680 m/s over the complete measured interval. As most of the offset between these two
sets of measurements occurs at depths shallower 120 mbsf where core recovery was
relatively poor, our sampling is possibly unrepresentative of the bulk of the unrecovered
strata.
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14.6 Geochemistry
Shipboard organic geochemical studies of cores from Site U0060 included
monitoring of hydrocarbon gases, measuring total carbon, carbonate carbon, total organic
carbon, and total nitrogen contents, and characterizing organic matter by pyrolysis assay.
Procedures are summarized in “Chapter 2. Methods” (see section “2.6 Geochemistry”).

14.6.1 Hydrocarbon Gases
Cores U0060A-2R and -3R had insufficient recovery to sample for gas. A total of 57
samples from Hole U0060A were monitored for gaseous hydrocarbons by the headspace
(HS) gas technique; results are reported in Tables 14.6-T1 and -T2 and Figure 14.6-F1. 37
All HS samples were analyzed using the GC3 system. Below 96 mbsf (Cores U0060A-12R to
-25R), two HS samples were taken per core. Starting with Core U0060A-12R, 20 samples
were also analyzed using the NGA. Data reported are in parts per million by volume
(ppmv).

Figure 14.6-F1. Hydrocarbon gases from Hole U0060A, Concentrations of methane and
ethane (in ppmv) as well as methane/ethane ratios for Hole U0060A versus depth (meters
below seafloor). Black bars on the left indicate recovery for each core.
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Headspace methane concentrations were below 300 ppmv in Cores U0060A-1R and
4R (2‒29 mbsf). Below 29 mbsf, methane concentrations increased rapidly and fluctuated
around an average of 100,000 ppmv. Ethane was present in all cores, besides at the very
top of the hole in Core U0060A-1R. The methane/ethane (C1/C2) ratio was greater than
1,000 in Cores U0060A-5R to -15R (39‒139 mbsf), but decreased afterwards. Below 139
mbsf the C1/C2 ratio decreases downhole, with the exception of two spikes at about 190
and 220 mbsf (Fig. 14.6-F1). The downhole decrease in C1/C2 mirrors the downhole
increase in TOC (Fig. 14.6-F2). The higher hydrocarbons (e.g., propane) were present
below 145 mbsf, following the decrease in C1/C2 ratios. The presence of higher
hydrocarbons and low C1/C2 ratios below 139 mbsf, indicate some localized migration of
thermogenic hydrocarbons that have mixed with the microbial methane gas. This is similar
as observed at Sites U0061 and U0065.
Table 14.6-T1. Headspace gas concentrations from Site U0060 measured using GC3.

In addition to analysis on GC3, all HS samples from Core U0060A-12R to -25R were
also analyzed on the NGA (Table 14.6-T2) to evaluate the presence of C4-C7 hydrocarbons.
Samples with elevated (>50 ppmv) propane content generally also had detectable amounts
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of butane and pentanes, and occasional traces of hexanes, with a large predominance of
branched over normal isomers in the pentanes and hexanes. This is consistent with origin
of the methane by methanogenic biodegradation, since the hydrocarbon-oxidizing
members of the microbial consortium have a preference for the normal isomers.
Table 14.6-T2. Headspace gas concentrations from Site U0060 measured using NGA.

14.6.2 Carbon and Nitrogen Analyses
Inorganic carbon (IC), total carbon (TC), total organic carbon by difference
(TOCCHNS), and total nitrogen (TN) were analyzed in 55 sediment samples from Hole
U0060A (Table 14.6-T3, Figs. 14.6-F2 and -F3). Due to poor recovery, no samples could be
taken from Cores U0060A-2R and -3R.
At Hole U0060A, carbonate content is low and typically below 10 wt%. The
exceptions are one sample from Core U0060A-7R that contains 56 wt% carbonate and Core
U0060A-10R that contains up to 20 wt% carbonate (Fig. 14.6-F2). Organic carbon content
is low to moderate (0.5–4 wt%) at Hole U0060A and shows a steady increase with
increasing depth. The lower part of the section cored at Site U0060 overlaps
stratigraphically with the upper part of the section cored at U0061. These overlapping
sections have similar carbon contents in the range of 1–4 wt%.
The nitrogen content varies from 0.22 to 0.61 wt%. The C/N ratios at Site U0060
vary from 1 to 10 (Fig. 14.6-F3), generally proportional with organic carbon content, and
indicate a marine source for organic matter.
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Figure 14.6-F2. Total Organic carbon and CaCO3 from Hole U0060A. Total organic carbon
content (wt%, black line) and calcium carbonate content (wt%, blue line) for a selected
number of samples at Hole U0060A. Black bars on the left indicate recovery for each core.

Figure 14.6-F3. Total Organic carbon and C/N ratios from Hole U0060A. Total organic
carbon content (wt%, black line) and C/N ratios (green line) for a selected number of
samples at Hole U0060A. Black bars on the left indicate recovery for each core. C/N ratios
around six are typical for marine algae, while C/N ratios greater than 15 are typical for
higher land plants (Stein et al., 1989).
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Table 14.6-T3. Carbon and elemental analyses from Site U0060.
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14.6.3 Organic Matter Pyrolysis
A total of 31 samples from Hole U0060A were characterized by SRA pyrolysis (Table
14.6-T4). Due to poor recovery, no samples could be taken from Cores U0060A-2R and -3R.
The organic carbon content estimate obtained using SRA pyrolysis is in relatively good
agreement with the results of the carbon and elemental analyses. The TOC from SRA is
about 95% of the TOC by difference from the elemental and carbonate analyses.
Table 14.6-T4. Pyrolysis (SRA) evaluation of organic matter from Site U0060.

The upper part of the Hole U0060A appears to have moderate hydrocarbon source
potential based on S2 yields in excess of 2.5 mg/g. The lower part of Hole U0060A (from
175 to 240 mbsf) have very good source potential with S 2 yields in the range of 8 to 15
mg/g.
The plot of hydrogen indexes (HI) versus oxygen indexes (OI) (Fig. 14.6-F4) shows
that Cretaceous samples from Hole U0060A contain organic matter with pyrolysis response
that is consistent with marine Type II kerogen, supporting the conclusion based on the
moderate C/N ratios. Samples from Sections U0060A-7R-1 and -10R-1 have 55 wt% and 20
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wt% carbonate, resulting in higher oxygen index (OI) values (106 and 109 mg CO2/g C) due
to pyrolytic decomposition of unstable carbonates. The sample from Section U0060A-23R3 has an OI of 228 mg CO2/g C because of erroneously low TOC value (0.25 wt%). The
TOCCHNS for this sample was 1.86 wt%, which would bring the OI value down to 31 mg
CO2/g C.

Figure 14.6-F4. Hydrogen index vs. oxygen index from Hole U0060A. Roman numerals I–III
indicate different types of kerogen.
Tmax values range from 421 to 435°C, with an average of 428°C. Samples with higher
S2 and organic carbon have lower Tmax, probably reflecting some component of inert or
recycled carbon. If a Tmax of 423°C represents the primary organic matter component, then
the rocks in this section are immature with respect to hydrocarbon generation, and have
maximum burial depths of less than 1 km.

14.6.4 References
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14.7 Downhole Measurements
14.7.1 Overview
One tool string was deployed to log Hole U0060A over a period of ~5 hours. The
data collected were spectral gamma ray, resistivity, velocity, and magnetic susceptibility.
The hole was in good condition down to ~190 mbsf, allowing acquisition of high quality
logging data to complement the partial core recovery in Hole U0060A. Magnetic
susceptibility allow the depth of cored intervals that were misplaced because of partial
recovery to be accurately assigned their true depth position. As in Site U0070, a peak in the
Th/K ratio is observed around 85 mbsf. The similarity in depth of the same feature across
the two sites only distant by ~5 km but with very different ages could suggest the influence
of a local diagenetic process. This interval is also notable for an inversion in the resistivity
and velocity trends with depth, indicating a significant lithological or depositional
boundary.

14.7.2 Operations
Drilling at Site U0060 was completed to a final TD of 239.1 mbsf at 1715 hrs on
September 27th. The hole was swept with high-viscosity mud, the RCB bit was dropped at
the bottom of the hole, and the bottom of the drill string was raised to ~45 mbsf in
preparation for logging, below an interval where the drillers had experienced difficulties
while coring. With limited time left to achieve the objectives at the final site, only one tool
string was scheduled. With concerns about using a radioactive source with little time for
remediation in case of tool loss, and to limit the length of the tool string in less than 200 m
of open hole, the tools used were: the EDTC (gamma ray and telemetry), the HNGS (spectral
gamma ray), the DSI (Sonic velocity), the HRLA (electrical resistivity) and the MSS
(magnetic susceptibility) (See “Section 2.7 Downhole Measurements” for acronyms). Rig up
of the tool string started at 2020 hrs. The tools were lowered into the hole at 2120 hrs, and
recorded data down to 790 mbrf (196 mbsf), ~40 m above the drillers TD, where the tool
string was unable to descend further. Several unsuccessful attempts to pass the obstruction
were made before deciding to log up from this depth. The main pass was recorded over the
entire open hole and inside the pipe until the seafloor was identified at 594 mbrf. The tools
were back on surface at 2315 hrs, checked and rigged down by 0015 hrs, September 28. A
detailed timing of all logging operations can be found in Table 14.7-T1.

14.7.3 Data Processing and Quality Assessment
The two passes were depth-matched using the gamma ray from the HNGS recorded
during the upward pass as the reference curve. A depth shift to the seafloor was then
applied to all logs, with the seafloor identified from the gamma ray logs at 594 meters
below rig floor, 1.8 m deeper than identified by the drillers.
The main logs recorded in Hole U0060A are shown in Figures 14.7-F1, 14.7-F2 and
14.7-F3. Without a caliper log, a first assessment of the quality of the logs can be made by

14.7-1

Chapter 14. Site U0060
14.7 Downhole Measurements

Proceedings of the Baffin Bay
Scientific Coring Program

comparison with similar measurements made on cores from the same hole. Figure 14.7-F1
shows a comparison between the natural gamma ray and magnetic susceptibility logs with
the same measurements made on cores. The different sets of measurements display good
agreement where core recovery was sufficient to allow such comparisons. The main
differences are in the depth of many of the features that can be correlated across datasets
that are dependent on the curated depth, which is affected by incomplete recovery.
Table 14.7 T1: Timing of logging operations in Hole U0060A,

Another comparison with the core measurements is made with density and porosity
data in Figure 14.7-F2. Without a neutron or a density tool, porosity was derived from the
resistivity log. Archie (1942) established that the formation factor, or the ratio of the
formation resistivity (Rt) to the pore fluid resistivity (Rw), is a direct function of porosity
(): Rt/Rw = a/m. Originally defined for non-shaly sediments, this relationship is still valid
in most marine sediments (Jarrard, 1989). Rw was estimated from Ellis (1987) and
Schlumberger (2009), assuming a temperature gradient of 30 °C/km and pore fluid salinity
of 35 ppt. A value of a = 1 was used for the tortuosity coefficient a, to ensure that Rt = Rw at
100% porosity. The value of m = 2.3 was chosen iteratively to provide the best fit with the
MAD core data. The results for the value of m=2.5 are also shown in Figure 14.7 F2, to
illustrate the influence of this parameter. The two porosity estimates agree well with the
porosity measured on the core (see section “14.5 Physical Properties”), indicating a fairly
uniform porosity between 20% and 30%. The resistivity reading with the deepest
penetration was used in these estimates. Two density estimates were calculated from this
porosity to evaluate the influence of grain density: one using a constant grain density (2.50
g/cm3), the average of the grain density measurements made on cores from U0060A, and
the second using a polynomial fit with depth to the grain density measurements, to reflect
the trend of the grain density downhole. The resulting densities agree well with the MAD
and GRA density data (Fig. 14.7-F2).
The quality of the logs can also be assessed by inspection of some of the curves. The
low resistivity interval around 85 mbsf (Fig. 14.7-F2) suggests a washed out interval at this
depth. The longer transit time to the borehole wall in the monopole and dipole waveforms
at the same depth (Fig. 14.7-F3), and the ‘chevron’ reflection pattern in the low frequency
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stoneley waveforms is typical for hole enlargements (Kostek et al., 1998), and suggests a
~3-m thick washout. However, the gamma ray and magnetic susceptibility data do not
show any detrimental effects due to a large borehole size, and the gamma ray and
susceptibility peaks immediately below suggest a distinct formation that was not
recovered.

Figure 14.7-F1: Summary of the logs recorded by spectral gamma ray and magnetic
susceptibility sondes in Hole U0060A and comparison to similar properties measured on
the recovered cores. The scales of the core measurements are shifted to make the visual
comparison easier. gAPI = American Petroleum Institute units; Th/K = Thorium to
Potassium ratio; MSS = Magnetic susceptibility Sonde.
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Figure 14.7-F2: Resistivity log recorded in Hole U0060A, and porosity and density data
derived from it. Porosity and density data are compared with similar core measurements.
The influence of the cementation coefficient and the grain density are shown by displaying
two estimates for each data type (see text for details). The gamma ray log is shown for
reference to lithological variations. m = cementation coefficient used in porosity
calculations; gAPI = American Petroleum Institute units; GRA = gamma-ray attenuation
density track core data; MAD = moisture and density core data; R5 = deep resistivity
reading of the HRLA; R3 = medium resistivity reading; RT = true resistivity, modeled from
all depths of investigation.
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Except for this interval, the clear compressional wave arrivals in the monopole
waveforms and the high coherence in the compressional and shear velocity tracks shown in
Figure 14.7-F3 indicate that the DSI was able to identify the compressional and flexural
waves and measured reliable velocity values over the entire hole.
A final indication of the quality of the data is in the replication of the measurements,
which were very similar between the downhole and uphole passes, thus indicating good
overall quality. Only the magnetic susceptibility data show an offset between the two
passes, which is due to temperature drift in the sensor. The data shown in Figure 14.7-F1
were derived from the uphole log by removing the drift with depth associated with the
increase in temperature downhole.

Figure 14.7-F3. Sonic logs recorded by the DSI tool in Hole U0060A. The gamma ray log is
shown for reference to lithological variations. Waveforms amplitudes provide a visual
assessment of the quality of the waveforms used to derive velocity. Coherence values are
an indication of the reliability of the velocity logs. The Stoneley waveform are shown to
illustrate the influence of a probable washout at ~85 mbsf, which would be responsible for
the very distinct reflection in the waveforms.
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14.7.4 Highlights
The main purpose of the logging program was to complement coring operations by
providing in situ geophysical characterization of the sedimentary sequences recovered as
well as for those intervals where core recovery was incomplete. The resulting continuous
records of physical properties helps in the identification of lithological variations, missing
contacts, and intervals with changes in physical, chemical, or magnetic properties. The data
can also be used in the construction of synthetic seismograms (see section “14.8 Core-LogSeismic Correlation”) and for correlation with cores to correct the depth of cores with
partial recovery (see section “14.5 Physical Properties”). Preliminary logging observations
and results include:






Good correlation exists between the natural gamma ray and magnetic susceptibility
data from the downhole measurements with similar data from measurements along
the cores. As illustrated in Figure 14.7-F4 for the interval 150–190 mbsf, where core
recovery was high, logging and core data can readily be correlated, showing that it is
possible to depth correct core pieces in intervals where recovery is incomplete.
As in Site U0070, a peak in the Th/K ratio is observed around 85 mbsf in an interval
with low recovery (Fig. 14.7-F1). Without any additional information or core
observation, the Th/K peak created by higher thorium and reduced potassium
contents suggest an interval rich in kaolinite or similar clay minerals (Schlumberger,
2009). The similarity in depth of the same feature across the two sites only distant
by 5 km but with very different ages could suggest the influence of a local diagenetic
process.
This interval, which is immediately below the washout hinted in the resistivity and
acoustic logs, is also notable for an inversion in the resistivity and velocity trends:
both measurements start decreasing with depth while they were increasing above.
The presumed washout, the signature in the spectral gamma ray data, and the trend
reversals all suggest that this interval is a significant lithological or depositional
boundary.
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Schlumberger, 2009. Log Interpretation Charts: Sugarland, TX (Schlumberger Wireline and
Testing).

Figure 14.7-F4. Comparison of magnetic susceptibility logs with the same data recorded on
the core track between 150 and 190 mbsf. The red lines show the depth adjustments
suggested for the core measurements in this interval with incomplete or disturbed core
recovery.

14.7-7

Chapter 14. Site U0060
14.8 Core-Log-Seismic Integration

Proceedings of the Bay
Scientific Coring Program

14.8 Core-Log-Seismic Integration
14.8.1 Overview
Based on the acquisition of downhole logging data (section “14.7 Downhole
Measurements”) and MAD measurements made on recovered cores (section “14.5 Physical
Properties”) a seismic-to-well tie was generated for Hole U0060A. The objective was to be
able to correlate the seismic reflections seen in the seismic data with lithology,
chronostratigraphy, and physical properties determined at Site U0060 (see sections “14.3
Lithostratigraphy”, “14.4 Chronostratigraphy” and “14.5 Physical Properties”).
Good correlation was achieved between the synthetic trace record and the seismic
reflection data and between the polarity of the synthetic and the seismic wavelet; however
the amplitudes generated within the synthetic are generally higher than those in the
seismic trace record.

14.8.2 Methodology
The compressional sonic velocity was obtained from the sonic tool performed as
part of the logging operations at Site U0060A (see section “14.7 Downhole
Measurements”). As the density tool was not part of the tool string, density was derived
from the porosity and matched with the MAD core measurements for quality control (see
section “14.7 Downhole Measurements”). The density was derived using Archie’s (1942)
formula for porosity (see section “14.7.3 Downhole Measurements” for methodology). The
density that was derived from the porosity using a polynomial fit was used for the creation
of a synthetic wavelet as this curve has a better fit with the downhole MAD data (see
sections “14.6 Physical Properties” and “14.7 Downhole Measurements”). No vertical shot
points were collected at Hole U0060A. An acoustic impedance (Ρ) profile was derived from
the unedited compressional sonic velocity and the calculated density data by multiplying
the two logs together (Fig. 14.8-F1B-D). This acoustic impedance profile was then used to
create a reflectivity series.
The reflectivity series is convolved with a seismic wavelet to produce a synthetic
seismogram that can be compared with the traces of the seismic data. In this case of zerophase wavelet was used (Fig. 14.8-F1E and F). The resultant frequency of the synthetic
wavelet is compared with the frequency of the seismic data where a good correlation
between the two is sought. The seismic data is zero phase migrated and an increase in
acoustic impedance (soft to hard event) is recorded by a peak, which gives rise to a black
reflection in Figure 14.8-F1G. A decrease in acoustic impedance is recorded by a trough,
which gives rise to a red reflection in Figure 14.8-F1G.
Peaks and troughs between the seismic and the synthetic are checked for alignment
and any differences between the amplitude and polarity of the synthetic and seismic traces
are noted. Improvements in the synthetic seismogram probably could be achieved if the
reflectivity series was convolved with a wavelet that contained the exact seismic signature
of the seismic data. Such a wavelet was not available during the expedition. Comparing and
integrating the synthetic seismogram with the results from core and log data allow a
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correlation between the seismic data and described lithologies and rock properties to be
developed.

14.8.3 Core-log-Seismic Integration
Overall the synthetic seismogram displays good correlation and moderate
agreement with the polarity and frequency of traces observed in the seismic data (Fig.
14.8-F1G). An interval of poor correlation occurs towards the base of the logging run where
polarity differences between the synthetic and the seismic record occur.
The bulk density and velocity show little variability in their downhole profiles, as
expected from the fairly uniform lithology recovered from Hole U0060A. The downhole
density profile depicts two long wavelength features where the density decreases from 2.3
to 2.1 from ~65 to 110 mbsf, which repeats between 110 a 172 mbsf. At 85 mbsf there is a
prominent negative excursion in density to below 2.0 g/cm3 that is coupled an increase in
velocity. This gives rise to an acoustic impedance contrast that in turn generates a
reflection doublet that correlates well with the seismic record. The interval over which this
doublet occurs was not recovered (the base of Core U0060A-12R), but may represent an
interval enriched in biogenic silica. Intervals enriched in biogenic silica are characterized
by low densities and high compressional velocities, where the high velocities are a function
of the diatoms packing arrangement. Intervals enriched with over 75% biogenic silica were
recovered from Hole U0060A (see sections “14.3 Lithostratigraphy” and “14.5 Physical
Properties”) and so this interpretation is the likely cause of the change in acoustic
impedance.
A cluster of high-frequent acoustic impedance contrasts lie between ~105 and 124
mbsf (Cores U0060A-12 and 13R). Acoustic impedance contrasts within this interval are
postulated to be caused by an increase in coarser clastic material (sand and silt sized
grains). Core U0060A-12R recovered some sandy siltstone at its base (see section “14.3
Lithostratigraphy”) and the unrecovered section in Core U0060A-12R may represent a
sandier unit. The high-amplitudes generated over this interval are significantly higher than
those expressed in the seismic record (Fig. 14.8-F1E and F).
Close to the base of the logging run (from about 164 mbsf) polarity differences occur
between the synthetic and the seismic record. A series of small but positive excursions are
recorded in the density and velocity profiles, which gives rise to a positive acoustic
impedance contrast. This is in contrast to the polarity of the seismic data, which at this
depth displays a negative reflection (Fig. 14.8-F1F and G). It is possible that the density and
velocity measurements are recording a localized feature that is not captured on a seismic
scale. Thin section and MAD analysis reveal high concentrations of biogenic silica at these
depths (see sections “14.3 Lithostratigraphy” and 14.5 Physical Properties”) and the
transition from silica rich to silica poor intervals would generate acoustic impedance
contrasts. This could appear on a local scale depending on the distribution and
concentration of the biogenic silica generating the reflectivity seen in the synthetic (Fig.
14.8-F1E).
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The base of Hole U0060A penetrates a positive high-amplitude reflection; however,
there is no significant recorded increase in density or velocity in the downhole profiles that
would give rise to this reflection (see section “14.5 Physical Properties”). A subtle
lithological change occurs from carbonaceous mudstone to silty mudstone through this
interval, but not the sharp increase in density and/or velocity that is required to create this
reflection and so its cause is uncertain.
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