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In the Arctic, substantial amounts of methane are stored in marine sediments. Yet, the distribution and
stability of methane reservoirs is poorly understood, especially offshore Greenland. As Arctic warming
accelerates, understanding natural methane seepage is crucial for assessing its role in the carbon
cycle and climate impact. Here, we present a unique interdisciplinary geoscientific data set that spans
the ice-covered Northeast Greenland shelf and captures entire fluid flow systems from source to sink.
Our data documents widespread natural seepage of oil and gas from the seafloor through the water
column, locally reaching the sea surface. The released hydrocarbons are sourced from deep
petroleum systems and primarily migrate along permeable beds towards the seafloor. Glacial erosion
during the Quaternary has effectively removed the sealing units, creating geologic windows that allow
widespread natural seepage. Our first-order estimates suggest that minimum 677-1460 Mt of
thermogenic gas ( ~ 0.5-1.1 Gt of carbon) has been released into the ocean since grounded ice
retreated from the shelf around ~15 ka BP. These findings provide new insight into the impact of active
natural seepage in a rapidly changing climate and have substantial implications for the Arctic Ocean’s

carbon cycle and marine ecosystems.

Methane is the second most abundant greenhouse gas in our atmosphere
and has a 28-times higher warming potential than carbon dioxide on a
100-year time horizon'’. Atmospheric concentrations of methane are
currently increasing at a scale and rate (up to 18 parts per billion/yr)
comparable to past glacial terminations’. In the Arctic, substantial
amounts of methane are likely stored as free gas, dissolved in pore waters,
or frozen as gas hydrates in marine sediments and shallow sedimentary
bedrock®®. However, fundamental knowledge on the distribution and
stability of methane reservoirs in the Arctic is missing, especially around
Greenland. This results in a poorly constrained methane budget with
only three data points (Svalbard, Alaska-Canada Beaufort Sea, Russia
East Siberian Arctic Shelf) for the entire Arctic Ocean”.

The Northeast (NE) Greenland shelf spans 350 km in width and over
800 km in length (Fig. 1) and holds an exceptionally high hydrocarbon
potential (estimated as 6675 million barrels of oil equivalent’), and is

conjugate to the hydrocarbon-rich Norwegian continental shelf’. Data
acquisition in the extreme conditions of the NE Greenland shelf has been
largely driven by the hydrocarbon industry. Sea ice prevents water-
atmosphere exchange for nine months of the year, icebergs form a major
hazard for marine infrastructure, polar nights blanket the area in darkness,
and no cities or settlements exist for logistical support. Reduced oil prices,
costly exploration and environmental considerations halted industry efforts
and have now allowed academia access to unique data sets for frontier
research on the shelf'’. On the conjugate hydrocarbon-rich Norwegian
margin similar data sets continuously reveal new natural seepage sites on the
seafloor'”, many related to oil and gas release from uplifted sedimentary
basins where extensive erosion from Quaternary glaciations has effectively
removed cap rocks™"”. Provided an active petroleum system is driving the
generation and migration of hydrocarbons on the NE Greenland shelf, a
similar widespread natural seepage of hydrocarbons (including methane)
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Fig. 1 | Overview map of the NE Greenland shelf showing bathymetry and major
tectonic structures. A Bathymetric map with all presented data (all available data

shown in Supplementary Fig. 1). Bathymetry from Version 5.0 of the International
Bathymetric Chart of the Arctic Ocean (IBCAO) Grid'”. Red lines highlight seismic
profiles shown in Figs. 4 and 5, sediment cores are shown as black crosses (biomarker
data shown in Supplementary Fig. 2) and multibeam echosounder (MBES) coverage
is indicated in orange. Inter-trough areas (IT) are labelled IT-A. IT-B, IT-C after".

T T T

SKT Store Koldewey Trough, DBT Dove Bugt Trough, EGS East Greenland Survey
by TGS & VBER. B Tectonic structure of the NE Greenland margin. The structural
map is modified from". Main structural elements such as Danmarkshavn Basin,
Danmarkshavn Ridge, and Thetis Basin, as well as the Wandel Sea Basin are indi-
cated. Label abbreviations are given in the legend. Yellow lines indicate the
approximate location of the lithostratigraphic profiles across the NE Greenland Shelf
shown in Fig. 2 and the red lines highlight seismic profiles shown in Figs. 4 and 5.

across the entire shelf is highly likely*'*. However, whether this is in fact the
case is hitherto unknown as the NE Greenland shelf remains uncharted for
methane reservoirs and fluid flow, creating a critical knowledge gap that
may lead to substantial miscalculations in the Arctic carbon budget'.

In this study, we use ~120,000 km of industry multichannel seismic
reflection and 164 sediment cores together with newly acquired scientific
~1050 km® multibeam echosounder data and deep-learning based investi-
gations of remote sensing data to investigate and document natural seepage
of fluids (hydrocarbons such as oil and methane gas) from the seafloor of the
NE Greenland shelf (Supplementary Fig. 1). Our data demonstrate the
migration of fluids from deep subsurface reservoirs, their release at the
seafloor and transmission through the water column. We further observe
sea surface oil slicks in the temporarily ice-free region, consistent with
ongoing hydrocarbon seepage ongoing at the seafloor. This dataset allows us
to determine the processes of fluid migration and estimate the amount of
methane released from this Arctic shelf region.

Regional Setting

The NE Greenland margin is bounded by the continent-ocean transition
zone to the east and north, a sedimentary pinch out against crystalline
basement to the west, and Paleocene-Eocene basalts to the south'*"” (Fig. 1B;
Supplementary Fig. 1). It contains five major structural elements: (1) the
Koldewey Platform, a 30-70 km wide structural high stretching from the
island of Store Koldewey and northwards to at least 80°N; (2) the

Danmarkshavn Basin, an at least 400 km long and several kilometer deep
Paleozoic-Mesozoic sedimentary basin; (3) the Danmarkshavn Ridge, an
up to 60 km-wide series of westerly dipping tilted fault blocks, which form a
platform area that separates the Danmarkshavn Basin from the (4) Thetis
Basin, a 200 km long and 60 km wide sedimentary basin with thick Cre-
taceous and Cenozoic sequences; and (5) the Wandel Sea Basin, a trans-
tensional sedimentary basin forming the northeasternmost Greenland
margin between ca. 79°N and 81°N (see Fig. 1B). Below the remnants of
Pleistocene sediments, the shelf shows tilted subcropping strata and a
transition from sediments of Late Jurassic age on the inner shelf to Qua-
ternary age on the outer shelf (Fig. 2, Supplementary Fig. 1). Similar to the
conjugate Norwegian Margin, probable source rocks are found in the Upper
Paleozoic and Mesozoic and include the oil-prone Oxfordian-Ryazanian
interval as well as the Devonian-Carboniferous lacustrine mudstones and
coals, Upper Permian carbonaceous marls/shales, Middle Triassic basinal
shales, Upper Triassic-Lower Jurassic lacustrine mudstones, Lower-Middle
Jurassic restricted marine shales, Middle Jurassic humic coals, and possibly
intra-Cretaceous organic shales". The Upper Jurassic to Lowermost Cre-
taceous source rocks (Fig. 2) have the highest potential for oil and gas in the
eastern Danmarkshavn Basin, the western (outer) Thetis Basin, and along
the edges of the Danmarkshavn Ridge". Potential reservoirs are sandstones
along the margin (Fig. 2), which include shallow-marine/fluvial sandstones
of the Triassic, shallow-marine/fluvial sandstones in the Lower and Middle
Jurassic, coarse-grained gravity-flow deposits in the uppermost
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Fig. 2 | Lithostratigraphic summary across the NE Greenland Shelf. A West to
East transect from the Koldewey Platform to the outer marginal highs. B South to
North transect from the Koldewey Platform to the Wandel Sea Basin.
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Lithostratigraphy modified from". SKP= Southern Koldewey Platform, DR Dan-
markshavn Ridge, R Reservoir, S Source, T Trap, DB Danmarkshavn Basin, WSB
Wandel Sea Basin. For location of the transects see Fig. 1.

Jurassic-lowermost Cretaceous, shallow-marine and local turbidite sand-
stones within the Cretaceous, shallow-marine and turbidite sandstones
latest Cretaceous-lower Paleocene in the Danmarkshavn and the Thetis
basins, as well as synrift gravity-flow sandstones in the Paleogene in the
Wandel Sea Basin'.

On the NE Greenland Shelf, the Danmarkshavn Basin has by far the
highest hydrocarbon potential’. It is flanked by structural highs developed as
footwall blocks during Late Jurassic to Early Cretaceous rifting'® (Fig. 2).
Cretaceous strata are intruded by Late Paleocene-Early Eocene magmatic
complexes'’ related to continental break-up. Neogene glaciation and uplift
of the onshore areas have tilted the basin and eroded most of the post-
Paleocene deposits (Fig. 2). On the northern part of the Danmarkshavn
Basin (co-located with IT-A), abundant salt diapirs are close to or reach the
seafloor and deform the otherwise very regular sedimentary strata (Fig. 1).
Diapirism of Carboniferous-Permian salt is evident across the entire Dan-
markshavn Basin but more pronounced towards the north. This diapirism
peaked during the Cretaceous and early Cenozoic due to extensive sediment
loading, and seems mostly inactive at present'*"”. In the north and towards
the Wandel Sea Basin, the Cenozoic was dominated by right-lateral trans-
tensional deformation, which drove stepwise continental separation during
the Eocene to Miocene, culminating in the current configuration of the
margin'®.

The continental shelf stretches 75°-81°N and extends up to 350 km
east of the coastline (see Fig. 1A). It is characterized by three over-deepened
troughs that terminate at the shelf edge: Westwind Trough, Norske-Belgica
Trough, and Store Koldewey Trough. These troughs are separated by
intermediate shallow banks (IT-A, B, C)"”. Westwind Trough and Norske-
Belgica Trough are 300-430 km long, 40-200 km wide, and 200-500 m
deep. They merge on the innermost shelf near the outlets of the con-
temporary NE Greenland Ice Stream, forming a horseshoe-shaped trough
encircling the large inter-trough area IT-A (Fig. 1). The seafloor of IT-A is
hummocky, comprising a complex of shallow banks and smaller depres-
sions (water depths 2-400 m). This has been attributed to salt tectonics
causing folding and doming of overlying strata and locally salt diapirs sub-
crop the seafloor'’*". Store Koldewey Trough is 250400 m deep, 200 km

long and 30-50 km wide, bounded to the by the shallow IT-B bank
(150-250 m deep) and to the south by IT-C bank (50-150 m deep).

Due to its bathymetric configuration'’, the NE Greenland continental
shelf hosts a distinct hydrographic structure shaped by the interplay of two
principal water masses™”: a surface layer of cold (—1.7-0 °C), low-salinity
(30-34 PSU) Polar Water (PW) transported southward by the East
Greenland Current (EGC), underlain by relatively warm (1-3 °C) and saline
(34.8-35 PSU) Atlantic-derived waters that enter via Fram Strait and are
funneled onto the shelf through deep troughs™. In recent decades, the
system has experienced pronounced “Atlantification”, marked by warming
and shoaling of Atlantic water layers alongside thinning and freshening of
PW, fundamentally altering vertical stratification and enhancing heat fluxes

22,25

onto the shelf ***,

Results and discussion

Seismic mapping of fluid flow indicators

The regional 2D seismic grid covers large parts of the NE Greenland shelf,
albeit with sparser data coverage in the northern part (Supplementary
Fig. 1). The complete data set has been acquired over a long time period
(1991-2016) and especially surveys on the inner and northern shelf are of
lower quality and resolution, hindering the interpretation of fluid flow in
marine sediments (Supplementary Fig. 1, Table 1). Seismic data are highly
sensitive to fluids such as gas or oil in pore space™. We use the available
seismic data to map seismic fluid indicators across the shelf and thereby
visualize fluid migration pathways”.

Our mapping includes three categories of seismic anomalies (Fig. 3).
Type I anomalies are shallow (<75 mbsf) with high amplitudes and occa-
sionally of reversed polarity compared to the seafloor reflection. Polarity
reversals usually indicate the existence of free gas in pore space’*”. Type I
anomalies typically occur at or close to the seafloor but can also be observed
beneath the thin veneer of glacial (Miocene to Pleistocene) sediments that
overlie the subcropping older strata (Fig. 3A; Fig. 4B, C; Fig. 5A, B). Espe-
cially where the subcropping geology pinches out, Type I anomalies are
observed as an increase in amplitude towards the seafloor (Fig. 5B, D, E;
Supplementary Fig. 1).

Communications Earth & Environment| (2025)6:879


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02932-8

Article

Table 1| An overview of seismic surveys used in this study and their (maximum) vertical resolution (\/2-criterion) based on the
dominant frequency in the upper sedimentary succession (2s TWT) and an average sound velocity of 1500 m/s

Acquired by Year Source Streamer [m] Vertical Resolution (\/2) [m] Total Length [km]
Kanumas Group 1991 Airgun 1898 in® 3000 3il 4960
1994 Airgun 2050 in® 1500 24 3410
1995 VSX Airgun 2050 in® 2100/1500 22 3750
AW 1999 Airgun 5x9L 1700 33 1686
2002 Airgun VLF 24| 600 22 6200
2003 VLF-Gunsx3| & G-Gunsx8.5 600/3000 35 5605
Norsk Hydro 2006 Airgun 2940 in3 6000 30 6905
2007 Airgun 2940 in3 6000 30 935
TGS 2008 Airgun 3280 in? 6000 38 6710
2009 Airgun 3130 in? 6000 29 1596
2011 Airgun, 1500LL & 1900LLX 3000 31 4065
2012 Airgun 3350 in® 4500/6000 31 8851
2014 Airgun 1675-3350 in® 6000 31 12,253
2015 Airgun 1675-3350 in? 4500/6000 14-50 18,121
2016 Airgun 1675-3350 in? 6000 28-50 3318
GXT 2009 Airgun 4330 in® 8000 58 10,985
2010 Airgun 4330 in® 8000/6000 46 12,932
2011 Airgun 4330 in® 8000 42 10,232

“The AWI surveys used here were reprocessed by TGS in 2010.

In the shallow subsurface, a bottom-simulating reflector parallel to the
seafloor, with high amplitudes and reversed polarity, could indicate the
presence of free gas that accumulates beneath stable gas hydrates. We find
only a few patchy observations of a potential bottom-simulating reflector
(Fig. 3A, Fig. 5E), none of which can be related with confidence to gas
hydrates.

Type II anomalies are high-amplitude reflections of reversed polarity,
and at greater depths (>75 mbsf). They tend to be distributed over several
stratigraphic levels along individual faults (Fig. 5C), bound to or sur-
rounding the salt domes or confined to stratigraphic-type traps, i.e., beneath
Cenozoic (impermeable) marine shales (Fig. 2; Fig. 4D; Supplemen-
tary Fig. 1).

Type III anomalies are (sub-) horizontal high-amplitude reflections
that often appear cut across strata, regardless of the surrounding geological
structures, and can indicate a fluid contact between oil/gas, gas/water, or oil/
water”. We find Type I1I anomalies in the sedimentary succession south of
Belgica Trough, where they appear below flagged Type II anomalies in
structural traps bound to faults or within pinch-out type stratigraphic traps
(Fig. 5F). Structural traps are most common along northeast-southwest
trending faults at the eastern boundary of Danmarkshavn Ridge (Fig. 2).
Stratigraphic-type traps are found both in the northern and southern
Danmarkshavn Basin (Fig. 5C, F), where they reflect the erosional contact
between Jurassic to Cretaceous or the transition from Paleocene to Eocene
strata™ (Fig. 2).

Fluid flow systems

In the northern Danmarkshavn Basin, seismic anomalies group along the
flanks of the abundant salt diapirs (Fig. 3B/C and Fig. 4). The diapirs uplift
the surrounding sedimentary succession and form effective traps that allow
hydrocarbons to accumulate’ (Fig. 2). Here, Type III anomalies are asso-
ciated with these traps along the edges of the salt diapirs, while Type II
anomalies are distributed along the migration pathways (faults) leading out
of the potential reservoirs at depth. Type I anomalies are associated with
outcropping (pinch-out type) Jurassic to Cretaceous strata (Fig. 4). The
seismic anomalies observed are in good agreement with the predicted
conventional hydrocarbon reservoirs from the latest resource assessment’

(Fig. 3C). This resource assessment evaluates the yet-to-find potential of
conventional hydrocarbons on the Greenland continental shelf and inte-
grates seismic and gravity surveys, well data, scientific publications, and
analogues from the Wandel Sea Basin and Norwegian Barents Sea shelf’.

In southern Danmarkshavn Basin, Type I and Type II anomalies are
substantially shifted by up to 60 km landwards of the predicted hydrocarbon
reservoirs (Fig. 3C). We interpret this shift to be caused by the migration of
fluids along tilted permeable beds towards the inner shelf. This migration is
accommodated by intercalated higher permeability sandy beds of the
Mesozoic strata"”. The overlying Cenozoic sediments provide the necessary
seal to constrain the fluids along the tilted layers towards the heavily eroded
formation subcrops®'”® (Fig. 2). An example of this is seen in the center of the
South Danmarkshavn Basin where we can trace the migration of fluids over
tens of kilometers (up to 50 km) towards the shoreline of Store Koldewey
and Germania Land (Fig. 5A).

Secondary migration pathways exist related to crustal faulting, as
documented by Type III seismic anomalies along the base of faulting and
Type Il anomalies at different levels along fault planes (Fig. 3). Major crustal
faulting occurs in a N-S direction, paralleling the dominant major structural
element” (Fig. 1B). Faults display abundant seismic anomalies, especially
along the edges of Danmarkshavn Ridge: Type I1I at depth, Type IT along the
fault planes at different depth intervals and Type I associated with fault tops.
The tiers of seismic anomalies along fault planes document intermittent

fluid transmission behavior™ .

Natural seepage

N-alkane distributions from sediment samples retrieved from surface
sediment cores above Type I seismic anomalies show an evident hump in the
gas chromatograms, indicating the presence and seepage of (biodegraded)
hydrocarbons (Supplementary Figs. 2 & 3). In particular, the gas chroma-
tograms from extracted organic matter of sediment cores display odd/even
n-alkane dominance in the n-Cy; to n-Cs; range and the presence of
unresolved complex mixture (UCM), both of which indicate fresh seepage
of petrogenic hydrocarbons to the seafloor. The relatively high concentra-
tion of iso-alkanes relative to n-alkanes in the front end of the chromato-
grams and the UCM further indicate ongoing biodegradation
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here below Eocene sediments (D). E Bathymetric map showing the location of the
seismic profile (E, red line), the multibeam echosounder data, and mapped flares
(green stars). The upper limit of gas hydrate stability for Polar water is shown as blue
dashed line. Seismic data is shown as white lines with Type I anomalies as blue dots
and Type II anomalies as red dots. Sediment cores are indicated with black crosses.
Seismic data courtesy of TGS.

(Supplementary Fig. 3). From these sediment cores, certain biomarker
parameters can indicate the age of the source rock based on the evolution of
kerogen-forming organisms. According to sterane-based proxies (see
Methods), the observed hydrocarbons originate from a Late Jurassic to Early
Cretaceous source rock (Supplementary Fig. 3), making in-situ seepage
from the respective outcropping strata highly likely. This matches onshore
findings of relict biodegraded crude oil in rock samples from Germania
Land, which have been linked to long-distance migration of fluids from an
unknown marine source of Jurassic-Cretaceous age™. Together, the seismic
data and the sediment samples define a spatial and temporal geologic
window across the NE Greenland shelf with a high seepage potential over
the subcropping Mesozoic, i.e., Jurassic to Cretaceous strata (Fig. 2, Fig. 3;
Supplementary Fig. 1B).

This scenario is consistent with the multibeam water column data that
show acoustic flares in the water column over this ‘geologic’ window (Fig. 6,
Supplementary Fig. 1). We interpret these acoustic flares as indicators of
active seepage of fluids in the form of bubbles released from the seafloor into
the water column™. The multibeam survey covered 1050 km? of seafloor
and imaged a total of 58 flares, of which 43 were heavily clustered within
subcropping Upper Cretaceous strata south of Store Koldewey Island (Fig. 6,
Fig. 7). These 43 flares were observed in 312 m =9 m water depth and
reached heights of up to 230 m (average: 140 m + 50 m), with six flares
exceeding the multibeam swath. 11 flares occurred around the salt domes on
IT-A, where we find flares in water depths between 157 and 318 m, reaching

heights of up to 170 m, with five flares exceeding the multibeam swath. Flare
heights are comparable to those observed in the Barents Sea, where ther-
mogenic gas escapes’. Bubbles typically exchange their methane content
with nitrogen and oxygen from the water column, resulting in low direct
bubble transport of methane to the atmosphere™. Our bathymetric data
show that the gas release is not linked to pockmarks (Fig. 6), likely reflecting
a seafloor lithology that is not prone to pockmark formation”. Instead,
seepage primarily originates from iceberg scours where there is a reduction
in the thickness of the sedimentary cover and sealing unit’*’.

The influence of gas hydrates
Cold water temperatures and high pressure are favorable conditions for gas
hydrate formation. Only one seismic study from the NE Greenland con-
tinental slope has so far identified a bottom simulating reflector, possibly
indicating gas hydrates”. The present-day hydrate stability is dictated by the
hydrography of the shelf. While the inter-trough areas are dominated by
cold and less saline Polar water resulting in shallow pinch-out depths, the
deeper troughs host warm and saline Atlantic water (see Fig. 7). Since the
shelf was almost fully glaciated during the last glacial maximum''~** and gas
hydrates respond slowly to increases in temperature®, remnants of (paleo-)
gas hydrates may still exist in parts of the shelf as meta-stable reservoirs™*.
We use bottom water temperatures and salinities typical for Polar and
Atlantic water” to calculate the phase boundary for dry (pure methane) gas”
and estimate the pinch-out (feather edge) depth, where the base of gas
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Seismic anomalies are (D) Type I (blue dots), (E) Type II (red dots) and (F) Type III
(yellow dots). (G) The map shows the location of the profile (red line); for a larger
overview see Fig. 1). Dashed lines show the upper limit of the gas hydrate stability
(GHS) for Atlantic Water (red dashed line) and Polar water (blue dashed line).
Available seismic data is shown as white lines. Sediment cores are indicated as black
crosses. Seismic data courtesy of TGS.

hydrate stability intersects the seafloor (Fig. 7). In the northern Danmark-
shavn Basin, flares are observed to have shallower water depths (mean
~203 m) and seem independent of the gas hydrate stability zone (CTD0515:
34.6 PSU, 0.4 °C =309 m). This area is dominated by Polar water, where
pinch-out depths range between 249 and 294 m. Flares in the southern
Danmarkshavn Basin cluster around 312 m + 9 m water depth. This depth
interval is dominated by Atlantic water, resulting in pinch-out depths
between 326 m and 395 m (Fig. 7). Based on field measurements of water
temperatures and salinities during the multibeam surveys, we find that the
pinch-out depth is around 336 m (CTD0213: 1.3 °C, 34.9 PSU). Many of the
flares are observed just above that upper limit of gas hydrate stability (Fig. 7),
suggesting that hydrates are present in the shallow subsurface and may
actively modulate natural seepage in the southern Danmarkshavn Basin.

Sea surface observations linked to natural seepage

At the sea surface, we have mapped several areas of suppressed sea surface
roughness using SAR data collected between 2014 and 2025 across the entire
NE Greenland shelf (Fig. 8). In the absence of ship traffic and other marine
infrastructure, the sharp well-defined boundaries and the proximity to

observed flares and seismic anomalies, we interpret these areas to be oil
slicks caused by the release of natural oil from the seafloor. We observe slick
anomalies both in the southern Danmarkshavn Basin and in the northern
Danmarkshavn Basin above the centers of individual salt domes, where the
water depth ranges from 140-305 m (Fig. 8). The slick anomalies appear
consistent with the position of the observed seismic anomalies at depth and
close to flares observed in water column (Fig. 8). Some oil slicks range in size
between 4 and 77 km?. Assuming 3.7 barrels of oil per day for a 1 km? oil
slick this would equate to 14-285 barrels of oil per day***.

Natural hydrocarbon seepage at the Northeast Greenland
continental shelf

We combine industry seismic, newly acquired multibeam bathymetry, and
water column imaging from multibeam echosounder, organic geochemistry
and sedimentology from sediment cores, and remote sensing data to provide
the first evidence of fluid migration and natural seepage of hydrocarbons
driven by a large and active petroleum system on the NE Greenland con-
tinental shelf (Figs. 3- 8). This area has a high hydrocarbon potential™® and
a history of intense glacial erosion across the shelf during the glacial cycles
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Fig. 6 | Seepage indications across the entire NE Greenland shelf with respect to
the gas hydrate stability zone. A Main map documenting natural seepage from
sediment cores (APT ranking probable, possible, tentative, and outlier), water col-
umn imaging showing flares (green stars), onshore outcrops showing bitumen stains
(blue dots), and oil slick mapping from Sentinel-1 satellite data. The upper limit of
gas hydrate stability is shown for Atlantic water (dashed red line) and Polar water
(dashed blue line). White dots indicate CTD stations (TUNU-VIII CTD0213,
CAGE-KH-HACON21 CTDO0515) used for gas hydrate stability calculations. Red

lines indicate seismic profiles. Inter-trough areas (IT) are labelled IT-A. IT-B, IT-C
after'’. SKT Store Koldewey Trough, SKI=Store Koldewey Island. Locations and

water column images from the multibeam echosounder (swath images) of (B, C)

flare cluster observed during CAGE-KH-HACON21 occurring in between iceberg
scours; (D, E) Subtle flare from CAGE-KH-HACON21cruise from inside an iceberg
scour mark; (F, G) seepage clusters in the southern Danmarkshavn Basins offshore
Store Koldewey Island recorded during TUNU-VIIL Note that flares appear close to
the upper limit of the gas hydrate stability zone for Atlantic water (dashed red line).

since the late Miocene® that effectively removed up to 2 km of uplifted
sediments™, including cap rocks'***** (Fig. 2). Organic geochemistry ana-
lyses on sediment cores show clear indications of fresh seepage of petrogenic
hydrocarbons at the seafloor (Supplementary Fig. 2) supporting a Late
Jurassic and Early Cretaceous™" main source rocks, while abundant seismic
anomalies in Eocene and younger strata indicate another potentially
younger (Cenozoic) source rock’™".

Based on seismic anomaly mapping, we can show that fluids migrate
predominantly along the tilted sedimentary strata (Figs. 4, 5). This is because
horizontal permeability in layered sedimentary rocks is usually higher than
vertical permeability”. The migration of fluids along the landward tilting
sedimentary strata of the study area (here ~2°) means that they are released
at much shallower water depths and closer to shore, potentially increasing
the amount of hydrocarbons that can reach the sea surface and
atmosphere”.

A secondary fraction of fluid migration is accommodated by vertical
movement along faults or focused along uplifted strata surrounding the salt
domes (Fig. 4). Major crustal faulting has a N-S orientation, paralleling the
dominant major structural elements"’ (Fig. 1B). Faults are typically the most
widespread and common structure with respect to focused fluid flow
systems®. Their role in a hydrodynamic system depends permeability
contrasts between the fault rock, its surrounding damage zone, and the
adjacent strata’'. Faults may function as conduits when their damage zone is

more permeable than their host sequence, irrespective of their absolute
displacement and rupture history. Fluid flow along the fault can be semi-
permanent™®. Fault activity, and therefore also fault permeability, is linked
to pore-pressure. Increasing pore pressure, acting against an initially sealed
fault, reduces the strength of the fault and may ultimately result in fault
rupture and a (temporal) increase in permeability, permitting leakage of
fluids from depth™ . Thus, faults play an active role in controlling the
expulsion of fluids at the seafloor by releasing subsurface overpressure® or
through reactivation due to an increase in shear stress along the fault™. Our
data support this periodic behavior by showing tiers of seismic anomalies
along the fault planes. However, this intermittent release of fluids from faults
is less effective than the migration out of permeable beds, and we therefore
consider these as secondary pathways.

Our study provides clear documentation of ongoing seafloor natural
seepage of oil and gas offshore NE Greenland. This seepage is detected as
flares through the water column (Fig. 6, Fig. 8). Considering that only a small
fraction of the shelf has been surveyed, we expect that natural seepage is far
more widespread. We also find indicators that at least a proportion of this
natural seepage is locally reaching the sea surface (Figs. 6-8). Observed flares
are exceptionally high (>200m), sometimes exceeding the bathymetric
swath, documenting a long lifetime of individual bubbles that ascend
through the water column. The exceptional height of flares can be caused by
larger bubble sizes, admixture of higher order hydrocarbons or coating
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bubbles with oil or gas hydrates*™. Oil slick indications from SAR data
throughout the past 10 years in the vicinity of the flares and above seismic
anomalies (Fig. 8) are consistent with active seafloor seepage of oil reaching
the sea surface. The combined seepage of oil and gas usually shows a more
mature composition of escaping hydrocarbons and may result in oil-coated
gas bubbles, which are less susceptible to dissolution®**’, both resulting in a
longer lifespan of ascending bubbles and increasing the flux towards the sea
surface and atmosphere.

Observations of natural seepage are highly dependent on the timing of
data surveys. Seepage varies on small to large scales (seconds to millions of
years) due to its sensitivity to changes in pressure, temperature, and salinity.
For instance, ROV observations show intermittent trains of bubbles dis-
continuously (seconds to minutes) leaving the seafloor’’, tides influence the
seepage intensity over hours’’, changing seasonal conditions result in
varying fluxes from winter to summer’” and glacial/interglacial cycles” or
tectonic deformation™ change environmental parameters and thereby
seepage over geologic time scales. Given the limited area surveyed (c.f.
Fig. 6), we have likely only captured a small fraction of the natural seepage on
the shelf, and more surveys are required to understand the natural variability
of seepage in the area.

In the southern Danmarkshavn Basin, natural seepage correlates with
the upper boundary of the gas hydrate stability zone (pinch out; Fig. 7),
thereby confirming the presence of gas hydrates. The absence of clear BSRs
in the seismic data either relates to the deep frequency of the data that poorly
resolves the shallowest geology, to low gas (hydrate) concentrations in pore
space” or a gas hydrate stability zone in a transient state’”. Methane hydrates
are destabilized by increases in temperatures and decrease in pressure,
which may occur at different climate change settings and processes’®. Global
warming leads to higher average ocean and air temperatures, leading to the
melting of polar ice masses (lowering of pressure) but also increased sea level
(higher pressure)”’. While pressure perturbations are transmitted instantly
into the subsurface, temperature changes may be delayed by thousands of
years'. This contrast of environmental impacts challenges the assessment of
the sensitivity of gas hydrates to rising temperatures and depressurization by
thawing ice at high latitudes. For NE Greenland, postglacial rebound has
uplifted the area by ~50-150 m during the past 20 kyr but is quiescent at

present’®, causing no further destabilization of gas hydrates. Given that the
Atlantification of the NE Greenland shelf results in constantly increasing
bottom water temperatureszz, we expect temperature to be the main con-
trolling factor influencing gas hydrate dissociation on the shelf over the
coming decades.

Comparison of conjugate margins

The seepage offshore NE Greenland from an eroded uplifted sedimentary
basin resembles the gas and oil seepage systems in the Barents Sea. The
Barents Sea presents a distinct geological setting: extensive Cenozoic uplift
and repeated Quaternary glaciations have eroded 1-2.5 km of sedimentary
overburden, exhuming and partially uncapping hydrocarbon
accumulations®. Consequently, roughly 21,700 seeps over ~5000 km” have
been documented, linked to faulted, variably eroded structural highs hosting
Mesozoic reservoir formations'”. This setting is analogous to our study area,
where natural seepage is closely tied to erosion of uplifted sedimentary
basins and resulting exhumed Jurassic to Cretaceous (Mesozoic) strata
(Figs. 2, 6, 8, Supplementary Fig. 1). In the Barents Sea, gas hydrate
occurrences are inferred from small, isolated patches with BSRs and so far,
no methane hydrates have been retrieved from sea floor samples”. This
setting would also be a feasible explanation for the missing BSRs on the NE
Greenland Shelf. Given these commonalities, we expect a similar intense
seepage to be observed if more scientific focus is put on the NE Greenland
shelf and its natural seepage.

In contrast, along the western Svalbard continental margin, exten-
sive natural seepage fueled by microbial (biogenic) sources has been
documented™’****'. Here, seepage is influenced by structural controls
(i.e., Hornsund Fault Zone), which facilitate subseafloor fluid migration.
In this area, seasonal fluctuations in bottom water temperatures seem to
drive periodic variability of gas hydrate stability, modulating seabed
release’>™. A similar sensitivity to gas hydrates is observed on the
northern US Atlantic margin (~35-40°N), where extensive seepage
(> 1000 unique seeps) has been documented in 65-2160 m water depths,
with more than 50% of all seeps near the upper limit of the gas hydrate
stability zone ( ~500-575 mbsl)*’. Seepage on this passive continental
margin relates to a variety of processes driven from above the seafloor,
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such as erosion or mass wasting, and below the seafloor, such as
migration along permeable strata and faults, as well as seepage above
diapirs and pre-existing structures. The atmospheric contribution of
both the Svalbard, and the US Atlantic margin is estimated to be
negligible’"*.

Implications

With these original insights, we can provide first-order estimates of natural
seepage on the NE Greenland shelf to the ocean and potentially the atmo-
sphere. We estimate that around 3.1-6.7 Mt of thermogenic gas (mainly
methane) from a single source have been released into seawater. The average
size of conventional gas reservoir estimated by the Greenland Resource
Assessment (c.f. Fig. 3C) is 100 million barrels of oil equivalent (mean
derisked recoverable gas) or 12.5 million tons (Mt)’. Assuming a 20-35%
leakage from these reservoirs since the Last Glacial Maximum (~ 20 kyr
ago), consistent with observations from the conjugate margin in the Barents
Sea*. For the 214 potential conventional hydrocarbon reservoirs (derisked
gas mean: 2710 Mt methane) identified on the inner NE Greenland shelf’
(Fig. 3C), this would sum up to a 677-1460 Mt of methane (~ 0.5-1.1 Gt of
carbon) since grounded ice retreated from the shelf around ~15ka
BP*7%*%_ Much of the release would have been accommodated directly
after the glacial retreat*. But, because of the considerable depths across the
shelf (>200 m) and the near-continuous sea ice cover throughout the year, a
substantial portion of the released methane would have dissolved in the
water column®®, oxidized to carbon dioxide, or be consumed by methano-

genic microbes™”.

Modelling work from the Norwegian continental shelf shows that
biodegradation (consumption by microbes) substantially reduces the
amount of methane that reaches the atmosphere™®. For an average methane
retention time of 9-16 days, about 32-43% reaches the atmosphere from
65m water depth while for >300m all methane would be consumed.
However, retention times vary from days to years*"", changing the atmo-
spheric contributions substantially. During ice-free conditions and in the
shallow water depths of the inter-trough areas (<200 m, Fig. 6), a compre-
hensive study from the US continental margin suggests that 25-70% of the
released gas (equals 170-1021 Mt of methane) could have reached the
surface waters and be exchanged with the atmosphere®. With a global
warming potential of 28 times as much as CO, over 100 years’, this would
result in 4.7-28.6 Gt of CO,-equivalent emissions. For comparison, the
production and use of fossil fuels emits 120 (117-125) Mt of methane into
the atmosphere annually™.

The potential release of such substantial amounts of hydrocarbons at
the seafloor may impact on the overall functioning of the marine ecosystem
and shift involved biogeochemical cycles. Implications would involve
enhanced oxygen depletion’ and increased ocean acidification™. In turn,
the release of fluids with dissolved nutrients at natural cold seeps can
enhance primary production”™*". As a result, natural seepage sites on the NE
Greenland shelf have the potential to be ‘oases of life beneath the ice’, which
will use the sustained release of fluids as the base for the food web and
thereby act as ‘benthic filter”**. However, our knowledge of the impact of
fluid seepage on the biosphere in NE Greenland Shelf remains poorly
constrained. Our new discoveries of widespread natural seepage and the
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underlying fluid flow systems in NE Greenland represent a substantial
advance in our understanding of natural seepage across the Arctic. Given the
high seepage potential, however, our findings further highlight the sub-
stantial gaps that remain in our ability to better constraint Arctic methane
budgets and assess their sensitivity to ongoing environmental and climatic
change.

Methods

Water column and sea-floor imaging

All multibeam data have been acquired using the hull-mounted Kongsberg
EM302 multibeam system onboard R/V Kronprins Haakon during two
surveys  (15.—18.10.2021: CAGE-KH-HACON21, 26.—31.08.2022:
TUNU-VIII). The EM302 multibeam system registers not only the sea floor
but also the amplitude of each beam reflection as well as a sidescan signal for
each beam (so-called snippets). It also allows recording the entire water
column. The amplitude signals correspond to the intensity of the echo
received at each beam. It is registered as the logarithm of the ratio between
the intensity of the received signal and the intensity of the output signal,
which results in negative decibel values. The water column data correspond
to the intensity of the echoes recorded from the instant the output signal is
produced.

Data from the water column can be used for flare detection as gas
bubbles create a strong backscatter in the acoustic signal, called flares.
Acoustic flares indicate a wide range of gas emission strengths as docu-
mented by comparative studies on the Svalbard margin, where strong
flares correspond to an average of six clustered streams of bubbles, while
weak flare typically represent only a single bubble stream™. We con-
ducted data post-processing with QPS Fledermaus FM Midwater to
image and pick flares in the water column across the cruise tracks. The
location of acoustic anomalies associated with flares was picked as close
to the base of the flare column as the data would allow. Data acquired
during ice breaking is particularly noisy, making the identification of
some flares difficult in parts of the dataset. Here, we only show flares that
are picked within multibeam data of good enough quality to avoid
misinterpretation of flares. Noise caused by ice breaking creates beam-
parallel anomalies in the water column (i.e., vertical only underneath the
ship (nadir zone), while anomalies from fluid seepage (e.g., gas) are
identified by near-vertical to along-ocean current deflected anomalies
that cross several beams within each ping and are recorded in at least two
consecutive pings.

Satellite image analysis

Synthetic Aperture Radar (SAR) is a reliable and well-established tech-
nique to detect and map oil slicks at the sea surface. The Sentinel-1
mission provides data from a dual-polarization SAR instrument at
5.405 GHz™. The vertical polarization of Sentinel-1 SAR data is usually
used to detect oil slicks, but in polar regions, only the horizontal com-
ponent is available. However, recent publications have shown that hor-
izontally polarized Sentinel-1 data can be successfully used to detect
natural oil slicks in Arctic waters®®. Areas of suppressed sea surface
roughness can be caused by oil slicks, but also result from biological slicks
or low-wind areas*’. These observations are limited to the short period of
ice-free conditions on the NE Greenland shelf'”, which usually only
occurs between August to October. Criteria for identifying oil slicks in
Sentinel-1 SAR images include low backscatter intensity, elongated
shape, persistence over time, proximity to known sources (oil rigs, ships),
and wind speed conditions®. Sentinel-1 SAR satellite images with extra-
wide-angle horizontal polarization (EW-HH) from 2014-2025 are
available through the Copernicus Open Access Hub (www.scihub.
copernicus.eu). Here, we use deep convolutional neural networks
(DCNNGs) with a U-Net architecture, specifically utilizing ResNet-101 as
the encoder backbone, to process SAR data obtained from the Sentinel-1
satellite and to identify potential oil slicks. All oil slick detections were
manually checked, and we interpreted the oil slick outline manually in
ArcGIS based on low backscatter areas with an oil slick appearance.

Seismic data analysis

Here, we use a large industry seismic data set acquired over the past 20 years
on the NE Greenland shelf by various companies and institutions (Table 1).
The resulting regional 2D seismic grid covers the entire NE Greenland shelf
from North to South (800 km) and from the coast in the West (~100 m
water depth) to the base of the slope in the East (~3500 m water depth). The
density of the seismic grid reduces from 79°N because of the heavily ice
infested waters. All data are available as post-stack time-migrated 2D seis-
mic profiles from Greenland National Petroleum Data Repository
(greenpetrodata.gl).

Seismic reflectivity is sensitive to fluid in the pore space of marine
sediments, especially gas, as it has a strong influence on seismic velocities
and energy absorption of seismic waves’*”. Thus, seismic amplitude
anomalies can be used to map fluid accumulations and entire fluid flow
systems in the subsurface”. The following seismic anomalies are used to
identify fluids: (1) Acoustic blanking, which describes the energy absorption
of a seismic wave due to the presence of free gas and the subsequent
amplitude dimming of underlying reflectors, i.e. dim spots**”’; (2) Velocity
pushdown is an apparent depression of seismic reflectors (in the time
domain) due to the decrease of seismic velocities in the accumulated gas
phase above the reflectors*; (3) Type I (close to the seafloor) and Type II
(at greater depth) anomalies are high amplitude seismic reflections. In the
case of a polarity reversal (with respect to the seafloor) they indicate the
existence of free gas in the pore space’®'”, (4) Type III anomalies, which
manifest themselves in seismic data as horizontal (high-amplitude) reflec-
tions that cut dipping strata, likely indicate a fluid contact (oil/gas, gas/water,
oil/water) inside a potential reservoir”.

Core data

Since 2011, Volcanic Basin Energy Research AS (VBER) and TGS-NOPEC
Geophysical Company ASA (TGS) have collectively acquired 190 m of
sediment cores from 164 gravity core sampling stations that were selected
based on TGS seismic data on the NE Greenland shelf. The gravity cores
targeted truncated strata subcropping at the seabed for tying the stratigraphy
to the seismic data and fault terminations for identification of macroseeps.
The gravity corer has a lead weight of 800 kg attached to a three-meter-long
carbon steel core barrel. A transparent liner was inserted into the core barrel
and secured in place using a core catcher and cutting shoe (bit). The gravity
corer was dropped in free fall from 50 m above the seafloor to maximize
penetration into the seabed. Sediment samples were taken from the low-
ermost part of the gravity cores, placed in sealed tin cans, and stored in a
conventional —20 °C freezer. Shore based analyses included headspace gas
and gas chromatography on extracted organic matter (GC of EOM), as well
as gas chromatography mass spectrometry (GC-MS) were carried out by
Applied Petroleum Technology (APT) laboratory, which follows the stan-
dard procedures from NIGOGA (Norwegian Industry Guide to Organic
Geochemical Analysis) that defines analytical procedures, notation and
reporting guidelines'”.

Gas chromatography

Headspace gas was measured using a flame ionization detector (FID) for
hydrocarbons, and two thermal conductivity detectors (TCD) for CHy, H,,
CO,, N, and O,/Ar. The GC of EOM was measured using a HP5890 II
instrument, and the GC-MS with a Micromass ProSpec high-resolution
instrument, both following standard temperature programs. Samples with
gas chromatograms displaying a thermogenic signature were further ana-
lyzed by gas chromatography mass spectrometry (GC-MS) on saturated and
aromatic hydrocarbons.

The GC of the EOM typically shows acyclane distributions indicating
bitumen from immature recent organic matter (OM), with a high odd-to-
even predominance (OEP) of n-alkanes (C,3-Cs;) from terrestrial sources.
n-Alkane distributions help distinguish between immature organic matter
(OM) and petrogenic hydrocarbons. Natural oil exhibits a broad n-alkane
range, often with an unresolved complex mixture (UCM) due to biode-
gradation. Active seeps continuously supply fresh oil, forming a growing
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petrogenic UCM. A high odd or even C-number preference indicates
immaturity, while a smooth distribution with a carbon preference index
(CPI) near unity suggests petrogenic hydrocarbons.

Where the GC of EOM showed traces of hydrocarbons, APT con-
ducted further analysis by GC-MS of both saturated biomarkers and
aromatic hydrocarbon distributions. Certain biomarker parameters
indicate the age of the source rock based on the evolution of kerogen-
forming organisms. However, many are derived from marine oils
and may be unreliable for terrestrial OM contributions. Since most
require non-standard GC-MS analysis, only a few were evaluated in
this study.

The C,4/C,y sterane ratio in marine-sourced oils increases system-
atically from the Proterozoic, possibly due to the evolution of dinoflagellates,
coccolithophores, silicoflagellates, and diatoms'”. The extended tricyclic
terpane ratio (ETR) distinguishes Triassic (=0.67) from Jurassic oils
(£0.67), with a sharp drop at the Triassic-Jurassic extinction and further
decline in the Toarcian due to reduced cheilanthane-producing
organisms'”. Sterane distributions suggest extracts originate from Triassic
or Jurassic sources [28BB/(28Bf + 29BP) ~25—50%)], aligning with the
Jurassic NSO-1 reference oil (~46%). The ETR of shallow core samples
ranges from 0.25 to 0.60 (NSO-1 ~ 0.37), supporting a Jurassic origin. A
cross-plot of sterane ratios and ETR places most samples in the Jurassic
range, with only one slightly within the Paleozoic zone, making a post-
Paleozoic source most plausible.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Bathymetric data are accessible via The International Bathymetric Chart of
the Arctic Ocean Version 5.0 (https://doi.org/10.1038/s41597-024-04278-
w). All seismic data are available as post-stack time-migrated 2D seismic
profiles from Greenland National Petroleum Data Repository (green-
petrodata.gl). Seismic and geologic data (Joint EGS: TGS & VBER) can be
accessed via academic license agreement from TGS and VBER. Sentinel-1
SAR satellite images with extra-wide-angle horizontal polarization (EW-
HH) from 2014-2025 are available through the Copernicus Data Space
Ecosystem (www.dataspace.copernicus.eu).
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