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Greenland Resource Assessment, North Greenland

(Assessment Unit 7)

Executive Summary

A play-based resource assessment of conventional hydrocarbons has been performed for the on- and
offshore areas of North Greenland (Assessment Unit 7, AU7). Two sedimentary basins are present in this

area:

e The onshore Neoproterozoic — ?earliest Devonian Franklinian Basin

e The offshore ?Carboniferous — ?Palaeogene Lincoln Sea Basin

The onshore Franklinian Basin succession comprises Neoproterozoic — ?lowermost Devonian sedimentary
strata and includes early syn-rift to passive margin deposits of mixed carbonate and siliciclastic facies. The
total thickness of the sedimentary succession is up to 8 km. The sedimentary succession is well exposed in a
homoclinal platform environment in much of northern Greenland. The northern exposures are, however,
deformed by the Ellesmerian orogenic structures which possibly are reactivated during the Eurekan
orogeny, resulting in the development of a fold and thrust belt. Palaeo-heat-flow indicators show that
temperatures increase to the north, where much of the basin is over-mature. Common oil seeps including
an exposed Silurian palaeo-oilfield testifies to the petroleum potential of the basin. Two plays, a Cambro-
Ordovician and a Silurian, have been evaluated. Although several formations have good source potential,
the general shallow burial depth, with large parts of the succession being exposed in vast areas, the lack of
structuring in areas with a mature source rock the exploration potential of the Franklinian Basin is proven

to be very limited and hence no volume calculations have been made.

The Lincoln Sea Basin is located in the offshore areas north of the Franklinian Basin. Apart from airborne
gravity and magnetic data very little geological and geophysical data are available from the offshore areas,
but a few scattered refraction lines and seismic drift lines suggests the presence of a deep sedimentary
basin. This basin is part of a major rift complex in the high Arctic and appears to be comparable in width
and depth to the Sverdrup Basin of the Canadian Arctic Islands. A reconstruction of the Greenland, North
American and European plates suggests that the Wandel Sea Basin, the Central Spitsbergen Basin, the
Lincoln Sea Basin and the Sverdrup Basin were connected before the onset of seafloor spreading in the
Palaeogene. The Triassic onshore successions throughout the Arctic basins show many similarities and the
stratigraphy of the Lincoln Sea Basin is modelled in analogy to the Sverdrup, Svalbard and Wandel Sea
Basins. The total thickness of the sedimentary succession in the Lincoln Basin is estimated to be up to 12

km thick.

Due to the lack of seismic data across the Lincoln Sea Basin, no leads have been mapped. Instead,



prospective plays, trap size and trap density are assumed to be the same as in the analogue Sverdrup Basin
in Arctic Canada. Based on this assumption two prospective plays are evaluated, including a Middle Triassic

to earliest Jurassic Play and a Late Jurassic to earliest Cretaceous Play.

Due to the general lack of knowledge and anticipated uplift and deformation during the Eurekan Orogeny
of the area the exploration potential of the Lincoln Sea Basin carries a very high risk and consequently the
risked volumes are low. The calculated mean risked recoverable volumes of the Lincoln Sea Basin is 800

MMBOE.

Because of the remoteness of the area and the harsh physical conditions Assessment Unit 7 has never been

target for oil and gas exploration.

The assessment results presented are based on all available data collected and interpreted by GEUS and
other academic institutions and reflect the state of geologic knowledge of the offshore and onshore areas
in North Greenland at the time of study. Any future data acquisition, drilling and evaluation of the
petroleum systems and plays based on new data within this area will add enormously to the geologic

knowledge and will therefore lead to a refinement of these assessment results.

The assessment was carried out using the Player® GIS software provided by GIS-pax. The methodology and
results of the assessment have been quality controlled by the Norwegian Petroleum Directorate and GIS-

pax.

The results of this study are reported in an extensive ArcGIS project supported by a comprehensive slide

package which includes six presentations, reflecting the workflow of the project, including:

Introduction

Database

Structural and Stratigraphic Framework and petroleum plays of the Franklinian Basin
Structural and Stratigraphic Framework and petroleum plays of the Lincoln Sea Basin
Petroleum Systems

o Uk wnNneE

Play Analysis and Yet-to-Find

The Player and ArcGIS projects together with the slide pack are available for the petroleum exploration

industry at no cost and can be downloaded from the project website, www.greenland-resource-

assessment.ql


http://www.greenland-resource-assessment.gl/
http://www.greenland-resource-assessment.gl/

Introduction

The AU7 Resource Assessment (North
Greenland) is the last of seven
assessments of the “Whole-of-Greenland
Petroleum Resource Assessment
Project” covering the entire Greenland
continental shelf and adjacent onshore
basins (Fig. 1). The aim of the project is
to provide an estimate of a quantitative,
play-based Yet-to-Find potential of
conventional hydrocarbons on the “"”" o
Greenland continental shelf. The project |
was originally initiated to help the
Greenland authorities and politicians in
strategic decision making and in planning
of future natural resource
administration. In addition, it should

identify potential needs for further

geological and geophysical
BON<_ F60°M

investigations. When oil and gas

exploration was suspended in 2021, it

was decided to finalize the project to have a Figure 15?w(‘;eological map of Greenland with the severjaav:sessment units
historical document for the future, that ceted

examines the oil and gas potential in this part of the Arctic, based on all available academic and industry
data. The project is mainly sponsored by NUNAOIL and is carried out as a collaboration between GEUS,
NUNAOIL and the Government of Greenland, and is hosted by GEUS. The work is based on all existing data
provided by the industry, GEUS, NUNAOIL and the Greenland Government. Furthermore, it includes a basin
modelling study of the Lincoln Sea Basin carried out in-house at GEUS. The results have been reported as

the work on the individual assessment units were finalized, and the present report is thus the last of a total

of seven reports published on www.greenland-resource-assessment.qgl.

A hydrocarbon resource assessment North Greenland has previously been performed as part of the U.S.
Geological Survey (USGS) Circum-Arctic Resource Program (Gautier & Moore 2008 ) including the
Franklinian Shelf province in Arctic Canada and North Greenland (Tennyson & Pitman 2008) and the Lincoln

Basin by Sgrensen et al. (2011). In the study by Tennyson & Pitman (2008) the product of the assigned


http://www.greenland-resource-assessment.gl/

probabilities for charge, reservoir rock and timing used by USGS for the Franklinian Basin were less than the
minimum probability required for quantitative assessment by USGS and no volumes were calculated. The
Lincoln Sea Basin offshore North Greenland was not part of the USGS 2007 appraisal programme. Based on
two long wide-angle seismic reflection/refraction profiles and a short vertical incident reflection profile
(Jackson et al. 2010) suggested the presence of Palaeozoic to Mesozoic age strata, in the ice covered
offshore areas off North Greenland. Based on analogues from the Mesozoic strata in the Sverdrup and
Svalbard Basins, (Sgrensen et al. 2011) carried out a resource assessment using on the same assessment
methodology as the USGS 2007 assessment and they came up with @ Pmean of 1135 MMBOE including both

the Canadian and Greenlandic parts of the basin.

Database

The database for the Franklinian Basin includes world-class outcrops of the Neoproterozoic and Palaeozoic
succession and cores from 11 shallow boreholes drilled by the Geological Survey of Greenland (GGU) in the
mid-1980s (Fig. 2). The offshore Lincoln Sea Basin is covered by a few single reflection seismic drift lines
(Funck et al. 2006; Jackson et al. 2010; Kristoffersen et al. 2021). Other geophysical data includes gravity

and magnetic anomaly data. Carboniferous-Paleogene analogue basins include the Sverdrup Basin in Arctic
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Figure 2 - Seismic and well database for AU7. Geological background map shows Franklinian Basin geology within AU7.



Canada, the Wandel Sea Basin in easternmost North Greenland, and the Svalbard basins in the Arctic

Ocean. A large number of scientific publications are available from these analogue basins.
Franklinian Basin

The latest Neoprotozoic to ?earliest Devonian Franklinian Basin extends east—west across North Greenland
and Arctic Canada, with a total exposed length of 2500 km (Fig. 2). Exposures in North Greenland are world-
class with only a thin cover of Quaternary surficial deposits and ice sheets. Any overlying Devonian deposits
have been completely removed, but conodont alteration data (CAl) and organic maturity data show that
any possible cover succession south of the Ellesmerian orogenic belt has been thin (~1 km) in contrast to

the thick Devonian foreland basin succession present in Arctic Canada (Surlyk 1991; Higgins et al. 1991).

In the eastern part of North Greenland (Assessment Unit 4) the Franklinian Basin deposits are
unconformably overlain by Carboniferous—Palaeogene sedimentary rocks of the Wandel Sea Basin

(Stemmerik & Hakansson 1991; Hadkansson et al. 1991).

Structural and Stratigraphic Framework and Petroleum Plays
The Franklinian Basin succession records a complete Wilson cycle: rift — break-up — passive margin — ocean
closure/orogeny which has been divided into seven basin evolution stages (Figs 3, 4; see Higgins et al. 1991;

Ineson & Peel 1997; Hopper & Ineson 2021 for detailed descriptions).
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Figure 3 - Tectonostratigraphic chart of the Franklinian Basin showing the distribution of play elements and tectonic events. AL:
Amundsen Land Group; BF: Brgnlund Fjord Group,; BU: Buen Formation; DB/H: Dallas Bugt/Humboldt Formations; H: Harder
Fjord fault zone; HF: Hagen Fjord Group; IF: Independence Fjord Group; MB: Morris Bugt Group,; N: Navarana Fjord escarpment;
Pa: Paradisfjeld Group; Pf: Portfjeld Formation; PL: Peary Land Group; Po: Polkorridoren Group; RG: Ryder Gletscher Group; Sk:
Skagen Group; TI: Tavsens Iskappe Group; V: Vglvedal Group; WL: Washington Land Group. Modified from Hopper & Ineson
(2021).
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Figure 4 - Fence diagram showing the interpreted relationships of shelf, slope and trough deposits of varius stages
(numbered S for shelf, T for trough) in the evolution of the Franklinian Basin from Inglefield Land in the west to Kronprins
Christian Land in the east. PL-M: Merqujéq Fm; PL-N: Nordkronen Fm ; PL-L: Lauge Koch Land Fm — other abbreations as
Fig 2. Modlified from Higgins et al. (1991).

Stage 1: Syn-rift siliciclastic deposition

The syn-rift succession is divided into two stages (Higgins et al. 1991). Stage 1 comprises a varied, >500 m
thick succession of siliciclastic sediments and subordinate carbonates of the Skagen Group (Fig. 3)
deposited in offshore shelf and shallow-water nearshore environments. It is only exposed north of the
Navarana Fjord escarpment in the fold and thrust region of the Franklinian Basin (Figs 2—4). The deposits
are not well known but precede the development of discrete shelf and deep-water basin settings
established during Stage 2. The Skagen Group is exposed in isolated major anticlines (Fig. 5). The deposits

are slightly metamorphosed and consequently have no exploration potential.



Exposed in isolated _ \
major anticlines ¥ A
; A// Figure 5 - Distribution of Stage 1 syn-rift siliciclastic and
= \ gis carbonate sediments. The strata are mainly exposed in isolated
=T : ’ = major anticlines (red arrows). J.R. Ineson, unpublished.

Stage 2: Syn-rift carbonate shelf/deep-water basin development

The second syn-rift stage is marked by the development of a carbonate shelf represented by the Portfjeld
Formation, a succession of ramp and shallow-water platform carbonates ranging from 200 to 300 m in
thickness in the southern exposures to 700 m in the north. It conformably overlies the Skagen Group in the
north and rests unconformably on basement in the south, indicating an overall southward transgression
and expansion of the depocentre between Stages 1 and 2 (Figs 3, 6). Farther north, partly coeval deeper-
water deposits are represented by the Paradisfjeld Group, which includes siliciclastic and carbonate
mudstones, turbidites, and resedimented conglomerates. The Paradisfjeld Group marks the early stages of
a deep-water basin development with the formation of an abrupt shelf edge governed by the position of
the Harder Fjord fault zone (Fig. 3). The deposits of this stage lack good reservoirs as well as source rocks,

and are not considered to have any exploration potential.

Figure 6 - Distribution of Stage 2 syn-rift carbonates. The
shelf consists of ramp and shallow-water platform
carbonates. The basin margin slope aprons become shaly
|| towards the north. J.R. Ineson, unpublished.

Incipient basin ;

Stage 3: Early Cambrian juvenile passive margin

The change from syn-rift to passive margin deposition is marked by uplift and erosion of the shelf
succession resulting in the development of an unconformity between the Portfjeld and Buen Formations
(Stage 3), probably reflecting break-up and the onset of seafloor spreading to the north. Associated with
uplift is deposition of shelf megabreccias and karstification of the Portfjeld carbonates. During Stage 3 a
well-defined slope developed governed by the position of the Harder Fjord fault zone (Figs 3, 7) with

deposition of true deep-water sediment to the north (Polkorridoren Group). The shelf deposits are
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represented by the Buen Formation, a succession of mainly marine sandstones and mudstones. The

proportion of mudstone increases northwards as does the overall thickness (up to 700 m) before giving way

to the slope and deep-water basinal deposits of the Polkorridoren Group. The latter is a 2—3 km thick

succession of sandstone turbidites and mudstones reflecting a dramatic increase in subsidence to the

north.

Max transgression
(late early Cambrian)

Shelf-slope
break

- )

Figure 7 - Distribution of Stage 3 deposits. A broad inner—

outer siliciclastic shelf developed during this stage with a

=2 - well-defined transition into a deep-water turbidite basin to

J the north. The shelf-slope break follows the Navarana Fjord

- escarpment which also is the approximate southern

Inner shelf oy boundary of the fold and thrust zone of the Ellesmerian
=== ‘ orogen to the north. J.R. Ineson, unpublished.
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Play 13B2: Early Cambrian fluvial — shallow shelf sandstone play

The Early Cambrian shelf sandstones of the lower Buen Formation provide good reservoir and top seal is

provided by outer shelf shales of the upper Buen Formation and the overlying carbonate mudstones and

shales of the Brgnlund Fjord Group. Long-distance migration of hydrocarbons from either Cambrian or

Ordovician marine organic-rich shales is anticipated for this play (Fig. 8).

Gentral North Greenland
{Peary Land, Wulff Land)

Litho-
strat
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Lithology/Environment

Upper Palasozoic | Era
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Play 13 Lower Palaeozoic

13A Silurian composite carbonate mound play

* Reservoir: Backstepping carbonate mound complexes (Washington Land Group)

* Seal: Mud-rich, deep-water Wulff Land and Lafayette Bugt Fms (lower Peary Land Group)
+ Source: Organic-rich Wulff Land and Lafayette Bugt Fms

13B Lower Cambrian composite shelf sand play

* Reservoir B1: Outer shelf lowstand sands (Henson Gletscher Fm)

* Seal: Quter shelf carbonates/shales and succeeding carbonates (Brgnlund Fjord Grp)
+ Source: Intraformational organic-rich mudstones in the Henson Gletscher Fm

* Reservoir B2: Transgressive fluvial/shallow marine sands (lower Buen Fm)

* Seal: Upper Buen Fm shelf mudstones and succeeding outer shelf carbonates/shales
(Brgnlund Fjord Grp)

* Source: Long-distance migration from either Cambrian or Ordovician organic-rich shales

Figure 8 - Early Palaeozoic plays of the Franklinian Basin. See Fig. 2 for legend.

Stage 4: Cambrian—Middle Ordovician passive margin

The late early Cambrian — Middle Ordovician marks a return to a carbonate-dominated shelf to the south

with a generally sediment-starved deep-water basin in the north (Figs 3, 4, 9). The shelf developed as a

progradational platform — deep shelf system in the east, represented by the Brgnlund Fjord and Tavsens

Iskappe Groups, and a uniformly subsiding aggradational shelf in the west, represented by the Ryder
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Gletscher Group (Ineson & Peel 1997). The equivalent deep-water deposits in the eastern region are
represented by the Vglvedal Group, which includes thick sandstone turbidite units intercalated with dark

cherty mudstones.

i g olower  Figure 9 - Geosection showing the facies distribution during
e e Cambrian - earliest Ordovician time (Stage 4). J.R. Ineson,
- iﬂ e unpublished.

Middle

Cambrian

Lower
Cambrian

Play 13B2: Middle Cambrian — Ordovician shelf sandstone play

Middle Cambrian shelf sandstones of the Henson Gletscher Formation provide good reservoirs, and top
seal is provided by outer shelf carbonates and shales of the Brgnlund Fjord Group. Well-documented
organic-rich carbonate mudstone units within the Henson Gletscher Formation provide source for

petroleum (Fig. 8).

Stage 5: Middle Ordovician — earliest Silurian passive margin
Stage 5 is marked by major backstepping of the shelf margin to the position of the Navarana Fjord
escarpment. The escarpment defined the northern margin of an aggradational carbonate platform that

accreted vertically, anchored by differential subsidence, forming the scarp (Figs 3, 4).

The carbonate platform is represented by the Late Ordovician Morris Bugt Group, which consists of a
number of stratigraphic units of uniform thickness, indicating steady subsidence over the entire platform
area. The slope region (the outer-shelf zone of the previous stage) and the deep-water basin were
sediment starved and are represented by the Amundsen Land Group. The slope succession is thin (<200 m)
and dominated by dark cherty mudstones with localized redeposited carbonate beds; the deep-water basin
succession is thicker (up to 500 m) but similar in facies development, albeit with thick redeposited
carbonate conglomerate units at certain levels. An influx of thin-bedded silty turbidites in the uppermost

Amundsen Land Group heralded the onset of sand-rich turbidite sedimentation in Stage 6.

Althoug the Aleqatsiaq Fjord Formation shows staining in Washington Land — possibly from an
intraformational source interval — this succession lacks good reservoirs and is not considered to have any

exploration potential.
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Stage 6: Early Silurian terminal passive margin (Caledonian and early Ellesmerian effects)

This stage is marked by major changes in the depositional systems, both on the shelf and in the deep-water
basin (Figs 3, 4). The Silurian Merqujéq Formation of the lower Peary Land Group is a thick (up to 2800 m)
succession of sandstone turbidites that is widespread in North Greenland. Rapid infill of the deep-water
basin and the consequent sedimentary loading may have resulted in down-flexure of the shelf, increasing
the overall rate of basinal subsidence. Current directions are consistently westwards, suggesting that the

rising Caledonian mountains to the east were the source of the sedimentary influx.

Carbonate deposition (Washington Land Group) continued on the shelf, but the increasing subsidence rate
forced the shallow-water shelf depositional belts to migrate southwards as initial drowning of the platform

began. Large carbonate mounds developed along the outer rim of the shelf.
Stage 7: Late Silurian terminal passive margin (Caledonian and early Ellesmerian effects)

By the Late Silurian the shelf was drowned and inundated by hemipelagic mudstones and siltstone
turbidites that form part of the upper Peary Land Group (Figs 3, 4). Carbonate deposition persisted locally
in the mid—late Silurian, forming isolated mound build-ups and pinnacle reef complexes that were probably
ultimately overwhelmed in Late Silurian (Ludlow) times. The sandstone turbidite systems of the Peary Land
Group continued to fill the axial basin and, towards the top of succession, a major phase of conspicuous
chert conglomerate deposition was initiated in the middle Wenlock (mid—late Silurian) sourced from the
rising Caledonian mountains in the east. The youngest fine-grained turbiditic sediments in the Franklinian

Basin in Greenland of latest Silurian — ?earliest Devonian age are located in western North Greenland.

Play 13A: Silurian carbonate mound play

The huge Silurian composite carbonate mounds of the Washington Land Group provide reservoir whereas
top seal and source are provided by deep-water organic rich mudstones of the Wulff Land and Lafayette
Bugt Formations (upper Peary Land Group; Fig. 8). A large exhumed bitumen-impregnated Silurian reef

indicates that this petroleum system has worked (Stemmerik et al. 1997).
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Lincoln Sea Basin

. .. . =
The Lincoln Sea Basin is located in %, S 8 2 o
Sediment
shallow water north of the Thickness
(meters)
Franklinian Basin in North Greenland & = 12000

and Arctic Canada of which | e

approximately half is in Canadian %,

territorial waters (Figs 2, 10). The

basin is defined by very few data

4000

including magnetic data (Kovacs

2000

1982; McMillan 1982), a short

seismic refraction line (Forsyth et al.

T T

L . 3 -
1994), and a combination of gravity Figure 10 - Thickness map of the Lincoln Sea Basin based on three-dimensional gravity

and refraction seismic data (Jackson et inversion (Lebedeva-lvanova et al. 2019).

al. 2010). The work by Jackson et al. (2010) showed the presence of a sedimentary basin up to 12 km deep
consisting of three layers with velocities of 2.1-2.2, 3.1-3.2 and 4.3-5.2 kms™. Based on local and regional
geological constraints the 2.1-2.2 kms? and 3.1 — 3.2 kms™ sections are correlated with Arctic continental

terrace sediment wedges bordering the Canadian Arctic Islands. The underlying 4.3 — 5.2 kms™* section is

correlated with the onshore Sverdrup Basin Palaeozoic to Mesozoic succession in Arctic Canada (Fig. 11).
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Figure 11 - Velocity model of the LORITA-1 NS line with resulting in modelled gravity response (red) compared with measured gravity
(black). See Fig. 2 for location of line. From Jackson et al. (2010).



Stratigraphic Framework and Petroleum Plays

The outline of the basin is not well constrained due to the very limited amount of data available, but for
this study the 4 km thickness outline of Lebedeva-lvanova et al. (2019) has been used (Fig. 10). Although
both the interpreted thickness and size of the Lincoln Sea Basin should be taken with reservation it appears
to be comparable to Sverdrup Basin. The stratigraphy of the Lincoln Sea Basin has therefore been
suggested to be analogous to the Sverdrup and Svalbard Basins (Sgrensen et al. 2011) and the Wandel Sea
Basin in northern Greenland described below. Figure 12 shows the tectono-stratigraphy of the Sverdrup

and Svalbard Basins. In the Sverdrup and Svalbard Basins three main plays have been proven and are

described below as Plays 6, 7 and 8.

Hadlari et al. (2016

Embry & Beauchamp (2019)
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Figure 12 - Tectono-stratigraphy of the Sverdrup and Svalbard Basins. Formation names in bold are proven reservoirs and formation
names in italics are main source rock units. Based on Sgrensen et al. (2011), Hadlari et al. (2016), Embry & Beauchamp (2019) and
Olaussen et al. (2022). Working plays indicated.
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Palaeogeography

A structural reconstruction of pre-Eurekan North Greenland is important to establish the palaeogeography

for the region and incorporate the geological information from the analogue basins. The dextral shear

Figure 13 - Reconstruction of

i Greenland and North American

f Josef- -';.‘ plates relative to Europe at Chron
21 time (47 Ma) after Kristoffersen

‘ La ndf!?’ et al. (2021). Position of Sverdrup,

' Lincoln Sea, Wandel Sea and

Svalbard Basins shown.
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motion between Greenland and Svalbard from Chron 24 to Chron 21 (Early Eocene) along the de Geer Fault
was nearly 200 km and involved crustal extension of 100—150 km north of Spitsbergen (Kristoffersen et al.
2020). The reconstruction of the Greenland and the North American plates relative to Europe and the

position of the Lincoln Sea Basin at Chron 21 time (~47 Ma) is shown in Fig. 13.

Prior to Arctic Ocean sea-floor spreading the Sverdrup, Lincoln Sea, Wandel Sea and Svalbard Basins were
probably connected showing an overall similar tectono-stratigraphic evolution following the suture of
continental crust during the Late Palaeozoic (Embry 1989; Stemmerik & Worsley 1989; Christie & Dawes
1991). Based on this assumption a series of palaeogeographic maps including the Lincoln Sea Basin have

been produced for the most important stratigraphic levels with regards to hydrocarbon play intervals.
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Play 8: Late Permian — Triassic Post-rift Thermal Subsidence Play

Figure 14 - Middle Triassic (Anisian—Landinian)
palaeogeography. During this phase deposition of
marine organic-rich mudstones took in the
Sverdrup, Wandel Sea and Svalbard Basins, and
most likely also the Lincoln Sea Basin. Structural
reconstruction from Kristoffersen et al. (2021).

0 010 200 300 bm
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During the Middle Triassic (Anisian—Landinian) the Arctic and North Greenland basins were characterized by
thermal subsidence with deposition of marine organic-rich shelf mudstones under anoxic conditions (Fig.
14). The mudstones provide the most important source rocks in the Sverdrup Basin and Barents Sea and
are also known from the Wandel Sea and Svalbard Basins (Embry & Beauchamp 2008; Dallmann et al. 2015;

Bjerager et al. in press).

Deposition of most important reservoir sandstones took place during regional subsidence in the latest
Triassic — earliest Jurassic (Norian—Rhaetian). During this phase a huge delta system prograding towards
west from the Uralian Orogen in Siberia was located in the Barents Sea/Svalbard. Deltaic and paralic
deposition took place in the Svalbard Basins whereas the Wandel Sea and Sverdrup Basins - and therefore
probably also the Lincoln Sea Basin - were dominated by paralic sedimentation (Fig. 15; Embry &

Beauchamp 2008; Dallmann et al. 2015; Bjerager et al. in press).

:} ,

Figure 15 - Latest Triassic — earliest Jurassic
palaeogeography. During this phase deposition
of paralic and deltaic sandstones took place in
the Sverdrup, Wandel Sea and Svalbard basins,
and most likely also in the Lincoln Sea Basin.
Structural reconstruction from Kristoffersen et
al. (2021).
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Play 7: Jurassic Rift Play

A new rift phase took place during the Jurassic and several siliciclastic reservoirs-seal pairs composed of
shallow marine sandstones and shelf mudstones were deposited in the analogue basins. The play is proven
in the Sverdrup Basin where the most important reservoir unit is the Awingak Formation (Fig. 12). During
the Late Jurassic deposition of marine organic-rich mudstones under anoxic conditions gave rise to wide-
spread and important source rocks recognized in the Sverdrup Basin and Barents Sea and also known from

the Svalbard and Wandel Sea Basins (Figs 12, 16; Dypvik et al. 2002; Embry & Beauchamp 2008; Dallmann

et al, 2015; Bjerager et al. in press).

‘ Figure 16 - Late Jurassic palaeogeography.
During this phase marine organic-rich
mudstones were deposited under anoxic
conditions in the Sverdrup, Wandel Sea and
Svalbard Basins and these conditions
probably also prevailed int the Lincoln Sea
Basin. Along the basin shallow marine
sandstones were deposited. Structural
reconstruction from Kristoffersen et al.
(2021).
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Play 6: Cretaceous Passive Margin Play

In the analogue Sverdrup Basin this stage is characterized by shallow marine sicliciclastic deposits and an
important reservoir in the shallow marine Isachsen Formation (Fig. 12). Here the organic-rich Late Jurassic

marine mudstones of Play 7 also provide the source rock.

Rifting continued into the Early Cretaceous resulting in increased subsidence of the Sverdrup Basin where
shallow marine siliciclastic deposits of the Isachsen Formation provide an important reservoir (Fig. 12). A
thick succession of basaltic volcanic rocks were extruded on Ellesmere Island and Axel Heiberg Island in
Arctic Canada and has been related to the occurrence of a hotspot located north of the Sverdrup Basin (Fig.
16; Embry & Beauchamp 2008). Shallow marine sandstones and shelf mudstones were deposited in North
Greenland and Svalbard basins (Dypvik et al. 2002; Dallmann et al. 2015), but it is uncertain if shallow
marine conditions also prevailed in the Lincoln Sea Basin or if the basin was part of the volcanic province

known from Arctic Canada (Fig. 17).
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Figure 17 - Late Cretaceous
palaeogeography. Thick successions of
volcanic rocks were extruded on

o Ellesmere Island and Axel Heiberg
Island are related to a hot spot north of
the Sverdrup Basin. Structural
reconstruction from Kristoffersen et al.
(2021).
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Trapping mechanism: Carboniferous salt and halokinesis

The main trapping mechanism for plays 6, 7 and 8 is anticipated to be associated with salt domes as in the
analogue Sverdrup Basin. Widespread carbonate and evaporite sedimentation related to Carboniferous
rifting has been recorded in the Canadian Arctic Islands, North Greenland (Sortebakker Formation;
Stemmerik & Hakansson 1991; Dalhoff & Stemmerik 2000) and Svalbard (Ngttvedt et al. 1993). Deposition
of Carboniferous — Early Permian evaporites in the deeper part of the basin is critical for the development

of salt domes.

The main phase of halokinesis took place during the Eocene Eurekan orogenesis (Embry & Beauchamp
2019) which resulted from major changes in the plate motion accompanied with northward drift and
counter-clockwise rotation of Greenland relative to North America during opening of the Labrador Sea —
Baffin Bay Seaway and the North Atlantic (e.g. Oakey & Chalmers 2012). In the eastern part of the Sverdrup
Basin this orogeny was severe and appears to have resulted in leakage of hydrocarbons from Mesozoic
traps. The Eurekan orogenesis is also expected to have impacted the Lincoln Sea Basin, but to what extent
it has caused breaching of the seal of potential traps is unknown. All three plays are believed to have
Eurekan age anticlines associated with halokinesis as trap, but other structural traps could be fault-
bounded 3-way dip closures associated with Carboniferous or Jurassic rifting. In addition, reefs and

prominent unconformities could act as trapping mechanisms.
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Petroleum Systems

Onshore indications of viable petroleum systems in AU7 include a number of locations that show bitumen

and oil stains (Fig. 18; Christiansen & Bojesen-Koefoed 2021).
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Figure 18 - Distribution of petroleum seeps and stains in North Greenland. Red triangles: petroleum seepage and stains associated
with source rock. Blue circles: petroleum seeps and stains, migrated. White squares: solid bitumen associated with mineral
occurrences. From Christiansen & Bojesen-Koefoed (2021).

Large parts of the Franklinian Basin fall within the thermally overmature to low-grade metamorphic

window and the oil-window maturity is restricted to a very narrow zone (Fig. 19). The southern part of the

Franklinian Basin is termally immature.
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Figure 19 - Simplified thermal maturity map of North Greenland based on all available data. The green
polygons indicate areas where source rocks are oil mature. From Christiansen (1989).

Bitumen and oil stains associated with locally matured source rocks in immediate vicinity includes the

Cambrian Henderson Gletscher Formation, the Ordovician Aleqatsiaq Fjord Formation and the Silurian

Lafayette Bugt and Wulff Land Formations (Figs 3, 8; Christiansen & Bojesen-Koefoed 2021).

A number of locations show bitumen that cannot be readily linked to a local source (blue circles in Fig.18),

and long-distance migration (up to approximately 100 km) must be invoked to explain prominent presence
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of bitumen and seepage in sandstones and carbonates far from mature sources within regions of thermal
immaturity. Details on the Cambrian, Ordovician and Silurian source rocks are published in Christiansen et

al. (1987) and Christiansen (1989).

The very limited data from the the Lincoln Sea Basin does not include any information that could indicate a
working petroleum system. Possible source rock information is therefore only available from the analogue

basins.

From the Sverdrup and Svalbard Basins and from the Barents Sea, Carboniferous, Permian, Triassic, Jurassic
source rocks are known and a Cretaceous source rock is furthermore present in the Sverdrup Basin (see van
Koeverden et al. 2011; Sgrensen et al. 2011; Berglar et al. 2022 and Wesenlund et al. 2022 and references

therein).

However, only the Middle Triassic and Late Jurassic source rocks are of significance and widespread in the
Arctic region and based on analogy these are most likely source rocks in the Lincoln Sea Basin if a Mesozoic
succession is present. Qil stains have also been reported from the Middle Triassic Dunken Formation

(Wandel Sea Basin) in north-eastern Greenland (Christiansen & Bojesen-Koefoed 2021).

Table 1 lists the parameters used for the modelling of the potential source rocks in the Lincoln Sea Basin

based on the regional analogues.

Table 1 - Source rock intervals identified for Lincoln Sea Basin showing values selected for the basin modelling study.

TOC HI Cumulative

ehintepal HE (wt-%) | {mg/g TOC) | thickness (m)

Kinetic model Comments

Marine shale source rock

Jameson Bay Fm (Sverdrup Basin; Goodarzi et al. 1992)
Jurassic 7and 6 5 400 200 Pepper & Corvi (1995) - TII(B) |Ringnes Fm (Sverdrup Basin; Goodarzi et al. 1992)
Agardhfjellet Fm (Svalbard; Berglar et al. 2022)
Hekkingen Fm (Barents Sea; Berglar et al. 2022)

Marine shale source rock

Hoyle Bay Fm (Sverdrup Basin; Sgrensen et al. 2011)

Murray Harbour Fm (Sverdrup Basin; Sgrensen et al. 2011)

Botneheia Fm (Svalbard; Berglar et al. 2022)

Steinkobbe Fm (Barents Sea; Berglar et al. 2022)

Isrand Fm (eastern North Greenland; (Christiansen & Bojesen-Koefoed 2021)

Middle Triassic 8 4 400 75 Pepper & Corvi (1995) - TII(B)

Basin Modelling
As part of their resource assessesment study of the Lincoln Sea Basin Sgrensen et al. (2011) a 1-D basin
modelling study was performed on two pseudowells in the Sverdrup Basin testing two heat flow scenarios

as only variables with an assumed Cenozoic uplift of 1000 m.

In order to evaluate a variety of maturity models for the Lincoln Sea Basin a basin modelling study with a

variety of scenarios has been carried out in order to evaluate:
1. Impact of Cenozoic uplift on maturity history,

2. Impact of Late Jurassic and Early Paleocene rifting (as response to formation of the mid-oceanic

Gakkel Ridge) on maturition history,
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3. Impact of stratigraphic thickness variations on maturation history, and

4. The optimal thickness scenario to ensure that the two most important source rock intervals are in

the main oil window (0.70-1.0% Ro) at present.

The study shows that the various Cenozoic uplift scenarios (0, 1000 and 1500 m) have no significant impact

on maturition history.

Incorporating a Late Jurassic rifting scenario shows that the Triassic source rock enters the main oil window
(0.70% Ro) in the Late Jurassic, prior to the rifting event, and enters the dry gas window (2.0% Ro) during
Late Jurassic rifting. The Jurassic source rock enters the main oil window (0.70% Ro) in the Late Cretaceous

and remains there until present.

The Early Paleocene rifting scenario shows that the Triassic source rock enters main oil window (0.7% Ro) in
the Late Jurassic and and the dry gas window (2.0% Ro) during the mid-Cretaceous. The Jurassic source rock
enters the main oil window (0.70% Ro) in the mid-Cretaceous and the late oil window (1.00% Ro) during xxx

rifting where it remains until present.

In order for both the Middle Triassic and Upper Jurassic source rocks to be in the main oil window at
present day modelling has to be carried out with slightly thinner stratigraphic packages than the Sverdrup
Basin PW1 pseudowell of Sgrensen et al. (2011). In such a scenario, the Middle Triassic source rock enters
the main oil window (0.70 %Ro) in the early Late Cretaceous and the Late Jurassic source rock enters the
main oil window in the Late Paleocene (Fig. 20A). The Petroleum System Chart in Figure 20B shows that in
the present scenario all play elements are in place (reservoir, seal, trap, source rock) prior to migration

from the two source rocks.
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The assessment process for the resource evaluation of AU7 is summarised in the “Yet-To-Find Triangle”

shown in Figure 21. Basin evaluation is the basic activity describing the structural and stratigraphic

framework leading into construction of Gross Depositional Environment (GDE) maps and identification of

source rocks, reservoirs and regional seals that form the basis for definition of the plays.
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Figure 21 - Resource evaluation workflow used in the Greenland Resource Assessment.

The results from the Basin Evaluation feed into the Play Analysis. In this analysis, numeric Common Risk

Segment (CRS) and Composite Common Risk Segment (CCRS) maps have been constructed based on all

available geological and geophysical data.

For the Franklinian Basin, the standard risking schemes used in Assessment Units 1-5 have been used.

However, for the Lincoln Sea Basin risking has not been carried out on individual plays but only on general,

overall leve lassessing the following play risk elements have been assessed (see presentation for details):

connection to source.

degrading intrusions.

Basin presence: Validity of Lincoln Sea Basin model including presence of Carboniferous salt section.
Reservoir presence: Presence of at least one effective reservoir unit in the subsurface with a possible

Reservoir effectiveness: Anticipated burial of possible reservoir unit corrected for uplift and possibility of
Top seal effectiveness: Overburden thickness, modified in areas with large amount of uplift.

Trap presence: Possibility to acquire high-quality data.
Charge: Data from analogue basins (possible presence of Triassic and Jurassic source).
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Gas risk has not been assessed and all volumes are in MMBOE. For analysis on volumetrics of individual

phases, more detailed analysis and mapping must be carried out.

Resource Assessment

The resource assessment provides an estimate of the play-based Yet-to-Find potential of conventional

hydrocarbons. The Franklinian Basin has not been assessed since total risks for the two defined play are too

high to produce a meaningful estimate (Fig. 22).

Siliciclastic Shelf

Play 13B Lower Cambrian Composite

Play 13A Silurian Composite
Carbonate Mound

Figure 22 - Total Risk maps for the two analysed plays of the Franklinian Basin. Both show very high risk, and no Yet-to-Find analysis
has therefore been carried out.
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Identified structures in fairway: 110
Size of fairway: ~140,000 km?
Feature density (FD): 0.79/1000 km?
Gross commercial discoveries: 0 wells
Total commercial resources: 0 BBOE
Gross technical discoveries: 17 wells

Total technical recoverable resources (USGS):
3,600 MMBOE

Commercial success rate: 0%
Technical success rate: 14%
Average discovery size: 212 MMBOE recoverable

Figure 23 - Exploration data for the Sverdrup Basin
fairway. Mapped features from Meneley (2008),
resource data from Tennyson & Pitman (2008).

As mentioned above, the assessment of the Lincoln Sea Basin
is only carried out on a general, overall level and no known

prospectivity can be included.

The Yet-to-Find analysis is based on a feature (lead) density
calculation approach which is based on analogue data from

the Sverdrup Basin (Fig 23).

The Mean Risked Recoverable of the Lincoln Sea Basin is:

Sum of:

[SegmentArea*FD*MFV*AU6TotalRiskOverall(per area)]

The Sverdrup Basin fairway (~140,000 km?) is regarded to be
almost fully explored by now. 110 structures have been
identified in the fairway (Meneley 2008) corresponding to a
feature density (FD) of 0.79/1000 km?. The total amount of

technical resources amounts to 3.6 BBOE from 17 wells
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(Tennyson & Pitman 2008) corresponding to an average unrisked discovery size (mean feature volume -

MFV) of 212 MMBOE per well.

The total risked Yet-to-Find of the Greenland part of the Lincoln Sea Basin is thus 800 MMBOE including the

thinner rim of the basin (Fig. 24).

Figure 24 — Total risk map and risked recoverables in MMBOE for the Greenland part of the Lincoln Sea Basin.

Deliverables

The results from this study including a Player® ArcGlIS project and an extensive slide pack are available for

the petroleum exploration industry by contacting Thomas Varming at NUNAOIL.
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