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Highlights

- Hill-hole pairs have been studied along a glacial unconformity in the SW Barents Sea

There is an association between buried hill-hole pairs thermogenic hydrocarbons

Localized basal freezing of the Barents Sea Ice Sheet occurs near fault terminations

- Hill-hole pairs above bedrock indicate a link to faults and hydrocarbon reservoirs



- Hill-hole pairs can be used as hydrocarbon seep indicators in petroleum exploration
Abstract

Hill-hole pairs are subglacial landforms consisting of thrust-block hills and associated source
depressions. Formed by evacuation of material where ice-sheets have been locally frozen to the
substrate, they give insights into paleo-ice-sheet dynamics. The aim of this study was to document the
relationships between ancient hill-hole pairs identified on a buried glacial unconformity with the
structure of the underlying sedimentary deposits, and then to determine if the basin geology and
glacial fluid migration pathways, promoted local subglacial free7e-on during the hill-hole pair
formation. The study is based on seismic geomorphological intZ.rewdon of four high-resolution 3D
seismic cubes covering an area of 800 km? in the SW Bare.'ts Sea, and fluid seepage data from 37

gravity cores.

The seismic datasets allowed the identification of L= hi.l-hole pairs along the buried unconformity.
The hills are characterized by chaotic to honoge! .ous seismic facies forming up to 19 m high mounds,
each covering areas of 2,000-644,000 .~*. The noles form depressions between 1-44 m deep and
2,000-704,000 m® in areal extent, whish ¢ .. into preglacial Mesozoic bedrock and later infilled by
glacial till. The holes are often fou, 1 above fault terminations. High-amplitude reflections identified
along the faults and in the strai. heiow the holes are interpreted as shallow gas migrating upward
towards the glacial unconf srmi.y. Geochemical data of the seabed sediment cores further indicates an

association between hill-hoi pair occurrence and present-day thermogenic hydrocarbon seepage.

The hill-hole pairs geometries were also used to identify five paleo-ice-flow directions along the
glacial unconformity. These ice flows exhibit polythermal regimes, and four of them are parallel to
ice-stream flow sets interpreted from glacial lineations. The integrated interpretation supports
localized fault-related basal freezing of the Barents Sea Ice Sheet which resulted in the formation of
hill-hole pairs when the ice sheet moved. In this context, the faults functioned as migration pathways

for deep thermogenic fluids, possibly sourced from leaking Jurassic reservoirs.



This study highlights the importance of underlying geology for ice-sheet dynamics: While hill-hole
pairs above glacial till appear to be commonly associated with dispersed gas hydrates, hill-hole pairs
above bedrock additionally indicate a link to underlying fault systems and hydrocarbon reservoirs.
Freeze-on of underlying bedrock to the basal ice along the strike of faults in sedimentary bedrock
explains deeper hill-hole pairs with smaller extents along the glacial unconformity compared to areally
larger but shallow hill-hole pairs detected above glacial till on modern seabeds. Such close association
between paleo-thermogenic gas seepage and the location of hill-hole pairs strongly support that hill-
hole pairs are excellent markers revealing exit points of fluid migrat™ »n pathways in petroleum system

models.

1. Introduction

Glaciotectonic processes are common both beneett, inc along the margins of ice sheets, and often
leave characteristic landform assemblages ir sec.mentary rocks or unlithified sediments (Aber et al.,
1989; Seettem et al., 1996; Aber and Ber, ?007; Evans et al., 2008; Riither et al., 2013; Atkinson et al.,
2014). Defined as the glacially-induced d-:fv...nation (both ductile or brittle) of sediment or bedrock by
glacial loading or movement, glarictectonic landforms include megablocks, aligned rafts with well-
preserved internal structure, mc-ame ridges influenced by ice push, glacial thrust blocks, and
depressions, and hill-hole 'airs (e.g., Solheim and Pfirman, 1985; Boulton, 1986; Moran et al., 1980;
Seettem, 1990; Seettem, 19: 4; Andreassen et al., 2004; Rise et al., 2016; Evans et al., 2021). The
diversity of glaciotectonic landforms reflects the wide range of processes involved over differing
temporal and spatial scales. The nature of deformation is influenced by a range of variables, including

substrate, basal thermal conditions, ice flow velocity, and meltwater availability.

Hill-hole pairs consist of thrust-block hills with associated source depressions, aligned sub-parallel to
inferred ice-flow directions (Rise et al., 2016) (Fig. 1). The features are recognized on satellite images
from terrestrial environments (Clayton and Moran, 1974; Moran et al., 1980; Bluemle and Clayton,

1984; Winslgw et al., 2020), and in bathymetric data from marine environments (Szttem, 1990;



Ottesen et al., 2005; Hogan et al., 2010; Rise et al., 2016; Bge et al., 2016; King et al., 2016; Kurjanski
et al., 2019) (Fig. 1). Hill-hole pairs form when subglacial sediments or bedrock are excavated and
transported (usually for a short distance; 10s to 100s of meters) with the overlying ice, creating a hole
from where the material has been sourced and a hill where it is subsequently deposited. This process
implies the development of a decollement surface at some depth within the subglacial sediment or
bedrock such that deformation occurs preferentially along this surface, rather than at the ice-bed

interface.

In marine settings, many hill-hole pairs have been identified on shalle. ' banks where relatively thin ice
is likely to have been flowing slowly and sometimes frozen to the L ~d, viith such basal freeze-on being
favorable for glaciotectonic deformation (Ottesen et al., 200%; r'aras et al., 2013; Dowdeswell et al.,
2016). However, the first observations of offshore hill-h~.(e pcirs and other large-scale glaciotectonic
structures were made in 200 to about 500 m below the present sea level in both bank and trough
settings (Seettem, 1990; 1994), indicating that sh>'low water depth may not be the critical factor for
glaciotectonics to occur. A growing number of such landforms (as well as glaciotectonic megablocks
and rafts) are identified on ice-stream beds, vhich have been interpreted to reflect localized subglacial
strong frictional bond (Winsborrow et al.. ".016), consistent with the notion of ice-stream sticky spots

(see Stokes et al. 2007 and referer-e thorein).

In the Barents Sea, hill-holz nai.2 are commonly identified on ice-stream beds and interpreted to be
related to subglacial gas-i. ‘arate formation that provides favorable conditions for basal freeze-on and
glaciotectonic deformation (Saettem, 1990; Seettem et al., 1994; Winsborrow et al., 2016). The high
pore pressure and low temperature below ice sheets do indeed favor gas-hydrate growth (Lerche and
Bagirov, 1998; Sloan, 2003), thus ice-covered areas overlying biogenic or thermogenic carbon sources
have the potential to store large amounts of methane as hydrates. Furthermore, numerous pockmarks
are present at the seabed in the area where hill-hole pairs are located, potentially indicating a link
between abundant fluid flow from underlying pre-glacial bedrock (e.g., Bluemle and Clayton, 1984;
Saettem, 1994; Tasianas et al., 2018). Deep-seated faults can facilitate focused fluid migration and

fluid seepage (Eichhubl et al., 2000; Petersen et al., 2010; Geersen et al., 2016), and a link between a



deep-seated fault and a large hill-hole pair has been shown for the Alpha area in the SW Barents Sea
(Bellwald et al., 2018a). Thus, if processes related to fluid flow do promote glaciotectonic
deformation, we may expect a correlation between hill-hole pairs, deep-seated faults, and hydrocarbon

reservoirs.

Hydrocarbon seep indicators are anomalous responses observed in geophysical, geological, and
geochemical data and are interpreted to represent the presence of hydrocarbons. In seismic data, these
indicators occur in different forms, such as amplitude strength and anomaly, and amplitude variation
with offset that can be interpreted in terms of fluid contacts between ,2s, oil, and water. In exploration
frontier areas, such as the Barents Sea, hydrocarbon seep indicatc~s h:lp boost confidence to drill a
prospect and reduce exploration risks. Landform assemblages in *he shallow subsurface are potentially
valuable to assess active hydrocarbon systems at depth. ""hes» commonly include pockmarks, pipes,
and vents that all indicate fluid migration from deep#- reservorrs towards the seabed (Tasianas et al.,

2018, Daszinnies et al., 2021).

Here we map the distribution of buried hill-hoic nairs and evaluate if their distribution correlates with
underlying faults and changes in basin -."atiyraphy. We further evaluate if such structures could be
used for fluid migration, and thereby ta.ilitate gas hydrate and associated hill-hole pair formation, and
if hill-hole pairs can be used as a 1.~w hydrocarbon seep indicator. Previous studies on hill-hole pairs
have mainly focused on thzi- ycumetries using bathymetric data and conventional seismic datasets
(Fig. 1; Ottesen et al., 20uC" Kiages et al., 2013; Rise et al., 2016; Kurjanski et al., 2019). Based on an
integrated dataset of high-resolution 3D seismic data and sediment cores, we have now the opportunity
to characterize hill-hole pairs along a bedrock-glacial till interface and investigate their link to
underlying faults and fluid seepage features. We use these datasets to test the hypothesis if faults and
gas-hydrates are the main mechanism by which the decollement process necessary to create hill-hole
pairs may be facilitated. If a correlation between hill-hole pairs, deep-seated faults and facilitated fluid
flow could be robustly established, this would provide valuable information for the analysis of active

petroleum systems and deeper hydrocarbon accumulations and contribute to more robust site



characterizations and risk assessments for proposed offshore infrastructure along (paleo-)glaciated

margins and sedimentary basins.

2. Study area

The SW Barents Sea is a shallow epicontinental shelf with water depths of 250-500 m (Fig. 2a), with
its seafloor morphology greatly influenced by glacial erosion. Deep troughs, such as Bjgrngyrenna
(Fig. 2a), formed during ice-streaming phases, as the Barents Sea Ice Sheet grew and decayed multiple
times in the Pleistocene. The Bjgrngyrenna Ice Stream drained large < mounts of ice from the central
and northern Barents Sea to the western shelf edge (Fig. 2a) (K nies =t al., 2009; Piasecka et al., 2016;
Patton et al., 2017). Grounded ice left streamlined and z*ns.~nal imprints (Szettem et al., 1992a,
Andreassen et al., 2004), and deposited glacial till upon erasicnal surfaces and paleo-seabeds, as above
the Upper Regional Unconformity (URU) which .-oarates glacial sediments from the underlying
preglacial rocks (Lgseth et al., 1992; Bellwa'd et al., 2019). A grounded ice sheet is suggested to have
formed in the present Barents Sea area fi ~m the Fliocene (c. 3.6 Ma), and continued to be periodically
present throughout the Pleistocene, wit'! r.iu.uple cycles of ice advance and retreat (Knies et al., 2009;
Harishidayat et al., 2021). An inte.sification of northern hemisphere glaciations around 1-1.5 Ma

resulted in repeated ice-sheet cove~ 01 the Barents Sea shelf (Knies et al., 2009).

The SW Barents Sea h” < boen uroven to be an active petroleum system with active fluid seepage but
experienced a complex e-<sion and uplift history (Henriksen et al., 2011; Lasabuda et al., 2018;
Tasianas et al., 2018; Ktenas et al., 2019). The study area is defined by four high-resolution 3D
seismic cubes located between 73-74° N and 24-26° E (Fig. 2b). In the study area, the Hoop Fault
Complex follows the general NE-SW to N-S trending faults of the Barents Sea (Collanega et al.,
2017). The Hoop area is prospective for hydrocarbons (Fig. 2b; www.npd.no), and the major
discoveries include Wisting, Sputnik and Apollo (all oil), and Gemini North, Atlantis, Norvarg and
Mercury (all gas) (Fig. 2). Sands within the Jurassic Stg Formation are documented to have excellent

reservoir properties (porosity and permeability) in the Hammerfest Basin (Dore, 1995). According to


http://www.npd.no/

some estimates, these sands could host up to 85% of the hydrocarbon reserves of the Norwegian

Barents Sea (Larsen et al., 1993).

In the Hoop Fault Complex area of the SW Barents Sea, the URU is buried c. 20-70 m below the
seabed and separates the Cretaceous bedrock of the Kolmule Formation from overlying Quaternary
glacial till of the Nordland Formation (Bellwald et al., 2018b; 2019). The Cupola hills (Fig. 2a),
consisting of mid-Cretaceous sedimentary bedrock and identified within the glacial package above
URU, are the largest glaciotectonic landforms identified in the region (Saettem, 1994). Glaciotectonic
deformation related to the Barents Sea Ice Sheet affected the up . ermost 40 m of the Kolmule
Formation (Bellwald et al., 2019). Modelling indicates that today, ~as 1ydrates are only stable in the
deepest parts of the troughs in the SW Barents Sea, dyw.> tJ ¢. 200 m below the seafloor
(Vadakkepuliyambatta et al., 2017). However, in the presenc > of a thick ice sheet, gas hydrates are
modelled to have been stable down to c. 450 m below ~=afloor across the entire Barents Sea, due to the
high pressure-low temperature subglacial conditic*'s (Andreassen et al., 2017). During glacial periods,
interactions between the ice sheet and gas hy.».e-fluid flow processes are hypothesized to have led to
the formation of a variety of landforms, inc'uding glaciotectonic landforms and vast bedrock craters

(Winsborrow et al., 2016; Andreasser ot ' 2017; Waage et al., 2019; Bellwald et al., 2019).

Interpretation of 3D seismic dat~ h..~ allowed us to image a multitude of glacial landforms in the study
area: Mega-scale glacial lirz2tiu.s, a shear margin moraine, shear band ridges, rhombohedral ridges
and depressions, transvei_~ ridges, iceberg ploughmarks, hill-hole pairs, pockmarks, and a braided

river system (Piasecka et al., 2016; Bellwald et al., 2019; 2021; Bellwald and Planke, 2019).

3. Data and methods

3.1 Seismic data

Hill-hole pairs and their relationship with the underlying geology have been studied by using four P-
Cable 3D seismic cubes located along the Hoop Fault Complex (Fig. 2b). The cubes measure 21x11

km (HFCEL), 25x3 km (HFCEZ2), 6x23 km (Alpha), and 24x15 km (Wisting). The P-Cable system for



HFCEL, HFCE2 and Alpha consisted of 16 streamers with lengths of 25 m and separated by 12.5 m.
These data have been collected in 2014 using a single-source airgun with a volume of 300 in® and a
shot point interval of 12.5 m. The migrated data have a dominant frequency of ¢. 120 Hz at URU
depths (Lebedeva-lvanova et al., 2018; Bellwald et al., 2019). Using a quarter of a wavelength as the
resolution limit, landforms can be imaged with a vertical resolution of 3 m and a horizontal resolution
of 6 m at URU depths (Fig. 3). The P-Cable system used for the Wisting cube consisted of 18
streamers with lengths of 100 m and separated by 12.5 m each. The data have been collected in 2016
using a double-source airgun with a volume of 300 in® and a shot po'n* interval of 6.25 m. The data of
the Wisting cube have a dominant frequency of c¢. 150 Hz at URJ a.oths, and the stratigraphy can
thus be imaged with a vertical resolution of c. 1 m and a !'orizontal resolution of 3 m (Fig. 4).
Processing of the P-Cable data and resolution in the sh7:i~w subsurface are discussed in previous

publications of the area (Lebedeva-lvanova et al., 2018; B :llw.~ld et al., 2019).

Otto (2017) stated that 3D seismic data at deve!  nmeiit stage facilitates the optimization of drilling
processes, and that new standards in resoictivn are required. The structure maps and underlying
geology of the P-Cable data have been con.rared with conventional 3D seismic data (Figs. 3, 4). The
conventional data have been collecte” w'tt a 3400 in® airgun and a streamer spread of 8 x 100 m x
6000 m, with resulting bin sizes of 1.5 x 25 m. The latest high-resolution 3D datasets used in this
study image the subsurface ii, vesciution superior to conventional 3D seismic data (Fig. 4), allowing
mapping of faults to deths “vbre conventional data lack sufficient resolution for the interpretation of

geological structures.
3.2 Seismic interpretation

Every fourth inline of the URU horizon, which is characterized by a positive-amplitude reflection in
the study area (Fig. 3a), has been picked for the first three datasets (HFCE1, HFCE2, Alpha). The
URU horizon has been gridded, and the generated grid snapped to a horizon afterwards. The gridding
was 4x4 m with a median filter of 3x3 cells for HFCE1, 4.75x4.75 m with a median filter of 15x15
cells for HFCE2, and 6.25x6.25 m with a median filter of 5x5 cells for Alpha. The maximum positive

amplitude reflection of a vertical window of 5 ms (2.5 ms above and 2.5 ms below) around the



snapped horizon defines the used URU grid. All the seismic cubes used in this study have American
polarity. In the illustrations in this paper reflections caused by an increase in acoustic impedance,
positive-amplitude reflections, are shown as black in profiles while the opposite, reflections caused by

a decrease in acoustic impedance, negative-amplitude reflections, are shown as white.

The interpretation of the Wisting cube was performed in the depth migrated P-Cable dataset
TGS1600-4-PSDM. Every 16th inline and crossline have been picked manually by amplitude
snapping (3 m window) for the entire cube, with every fourth inline and crossline interpreted in key
areas where additional grid density was needed to ensure precision o ‘nterpretations. The horizon has
been propagated based on the manually interpreted grid, follo.ved by interpolation and surface
snapping within a 1 m window to fill minor interpretation jJa.~ *aat could not be propagated. The

gridding was 3x3 m with a median filter of 5x5 cells for th2 W.sting cube.

Challenges in interpreting URU at such a high resoluvticn are related to geometries (steeply dipping
flanks), structures (interaction with polygona’ -ulinq), sedimentological relationships (downlapping
strata), and reflection seismic properties (acou.‘ic impedance, bright spots, and presence of shallow
gas). Improved imaging of the underlyir., fau:ts has been achieved using frequency blending (30, 50,

80 Hz) along time slices.

3.3 Statistical analysis of hill-ho:~ pair geometry

The principle of seisric ~eo'norphology (Posamentier et al., 2007) was applied to define the
geometries and dimensior- of the hill-hole pairs, which then allowed statistical analysis of hill-hole
pairs metrics and distribution. We only included geomorphic expressions which measured at least 100
m in one of the main axes, and smaller hill-hole pairs were not included in this work (Supplementary
Table 1). Area, depth-to-height ratios and volume of every hill and hole were measured using ArcGIS
after having imported the seismic horizons as 3D surfaces. Isolated holes with no associated hills are,
based on the similarity in shape and location, also interpreted to be of glaciotectonic origin. In cases
where both hills and holes are preserved, we determined the orientation of these pairs (Supplementary

Table 1). The geometries of the hill-hole pairs are plotted on a logarithmic scale (due to their large



spread), and categorized into three areas (Gemini North, Wisting, Alpha) (Figs. 5-7). Producing the
best fit of the data, we selected a power trendline for the data analysis, which is similar to the
exponential curve, but has a more symmetrical arc. The hill-hole pairs identified in this study are
compared with hill-hole pairs mapped on the present-day seafloor using multibeam swath bathymetry

datasets available from the seafloor of the central Barents Sea (Kurjanski et al., 2019).

3.4 Sediment cores

A total of 37 gravity cores have been collected along a 41 km long sampling profile crossing the
HFCEI seismic cube (Fig. 2b). The site spacing of the 58 to 226 rm \>ng cores varies from 700 to
2000 m. The analyses focused on bio-chemical properties of the sampled material by using the
commercial Microbial Prospecting for Oil and Gas (MPOG, method. MPOG is a surface exploration
technology based on detection of significant popula.jan, of specific, hydrocarbon-degrading
microorganisms in shallow soil samples, and in part ci.a” of methane-oxidizing bacteria. We used the
MPOG results to evaluate the link betwee”. “ih “ole pair occurrence and fluid migration from

Mesozoic hydrocarbon reservoirs.

In addition, we used the Amplified Ge 'c'e...ical Imaging (AGI) method, which uses passive sampler
technology to capture compounds i.. the C2-C20 range. All geochemical samples have been analyzed
at the AGI laboratory in Elkte~ wWlaryland, USA using an automated thermal desorption, gas
chromatographic separatio 1, ai.1 mass selective detection (ATD-GC/MS). These analyzes allow the
detection and quantificatioo of volatile and semi-volatile hydrocarbon compounds spanning from
ethane (C,) to octadecane (C;s), also including pristane (Cig) and phytane (Cy). The geochemical data
have been evaluated for the presence and pattern of thermogenic hydrocarbons, indicative of active

petroleum systems at depth in the area.

3.5 Fluid migration pathways

We integrate the geochemical results from the seabed sediment cores with the seismic data to interpret
fluid migration pathways. Increased values of AGI and the sum of C,-Cy4, proxies gained from the

seabed sampling, indicate fluid migration from deeper strata to the seafloor. Seismic data is the



primary tool for identifying fluid-charged layers and shallow gas over larger areas or in smaller
accumulations, and common evaluation criteria are phase-reversed (negative polarity) reflections with

anomalously high amplitudes (Heggland, 2004).

4, Results

The URU reflection in the Hoop area is defined as a continuous positive amplitude reflection in the
seismic profiles (Fig. 3). A variety of glacial landforms with comp’ex stratigraphic relationships are
imaged in the URU structure maps of the high-resolution 3D seismic data. Pairs of ridges and
depressions are striking features identified along URU in all the seismic cubes used in this study
(Supplementary Figures 1-3). Based on their morpholog,, si.2 and seismic facies, these types of

landforms have previously been interpreted as hill-hole pa‘rs \Rellwald et al., 2019).

The geometries of the 55 hill-hole pairs identifi~1 i «wnis study are plotted in Figures 5-7, and the
details of every pair are listed in Suppleme:.*ar, Table 1. The holes cover areas of 2,000 to 704,000
m?, with a median of 16,000 m?. The botm of the 1 to 44 m deep holes (median depth of 9 m) is
gently-dipping, and often follows stbsirfuce reflections defining pre-existing geology (e.g., fault
compartments, Fig. 3). The flank= of v 2 holes are up to 60° steep, with average values of 20-40°. The

volumes of the holes vary froi.» 3,01, to 13,000,000 m?, with a median of 95,000 m*.

We identified an associawd nuil in close vicinity of 46 holes, and consequently nine out of 55 holes
lack hills. The hills extend over 2,000 to 644,000 m? (median of 12,000 mz) and are up to 12 m high
but are often of insufficient height to interpret their internal structure and composition from the
seismic data. However, deformation structures such as overthrusting are occasionally visible
immediately adjacent to the hole (Fig. 3a). The hills have a low-gradient dipping angle (away from the
holes) when tabular (Fig. 8b), and steeper angles when rim-shaped (Fig. 8c). The volumes of the hills
are between 1,000 to 1,870,000 m*® (median of 25,000 m®), and the material shaping the positive relief
of the hills has a similar volume to the topographic depression forming the associated hole. The

relationship between the depth of the holes (y) and their extent (x) is y = 0.406x*%". The hills locally



co-exist with elongated grooves that are 1-5 km in length, 20-200 m in width, and 1-10 m in depth

(Fig. 8).
4.1 Gemini North area (HFCE1 and HFCE2)

A total of 21 hill-hole pairs has been identified in datasets HFCE1 and HFCE2 in the Gemini North
area. The holes cover areas from 3,000 to 124,000 m? and are 1 to 12 m deep. The hills extend from
3,000 to 205,000 m? with heights from 1 to 14 m (Fig. 5). The most prominent hole identified in the
Gemini North area has a depth of 10 m and covers an area of 80,000 km? (Fig. 3). The pairs are NE-
SW to SE-NW oriented (215 to 302° ), and can be categorized into four clusters: a first cluster
oriented from 215-218° (n: 3, @: 217° , cluster A; @: averagr), 3 sccond from 226-237° (n: 5, @:
231° | B), a third from 247-257° (n: 3, @: 252° , C), and a ‘arth from 295-302° (n: 5, @: 298° , D)
(Fig. 7a). The morphologies of the hill-hole pairs in *he HFCE1 cube vary from rectangular
depressions with tabular ridges (Fig. 8b), to circulir r.enressions with rims (Fig. 8c), and elongated

depressions with small hills or lacking any hil', (=iy. 9a).

A hill-hole pair consisting of two holec and a triangle-shaped hill is identified in the smaller cube
(HFCEZ2, Fig. 10b). The 5 m deep hole:, ' v1 ;. a total extent of 38,000 m?, correlate with an underlying
polygonal fault. The E-W orienteu "ill pinches out towards the west and is a bit smaller in extent
(35,000 m? or 92% of the hole), huc shows continuous reflections indicating internal layering (Fig.
10b). Most of the holes in the JD cubes of this study correlate with faults truncated at the URU level
(Figs. 3, 9b, 10b). Time sl es and frequency blends of the shallow subsurface below URU indicate
that most of these structures are polygonal faults located within the Lower Cretaceous bedrock of the
Kolmule Formation (Fig. 9¢). While there is no association between glacial lineations and underlying
faults, we observe a strong correlation between the hill-hole pairs and polygonal faults of HFCE1 (Fig.

9).



4.2 Wisting area

The structure map of the Wisting area is characterized by hill-hole pairs, mega-scale glacial lineations,
and iceberg ploughmarks (Fig. 11). The quality of the high-resolution seismic cube allowed imaging
of 33 hill-hole pairs. The holes have extensions from 2,000 to 118,000 m? with depths from 5 to 44 m.
The hills cover areas from 2,000 to 70,000 m? and rise from 4 to 19 m (Fig. 5). While the holes have
sharp flanks and strong seismic responses, the hills are poorly preserved and occasionally not present.
The axes of the landforms with preserved hills and holes have dominating orientations of NE-SW to
SE-NW, varying from 222-309° . These pairs can be categorized .to four clusters: a first cluster
oriented from 222-238° (n: 8, @: 231° , cluster B), a second from 2~4-270° (n: 7, @: 263° , C), a third
from 279-283° (n: 2, @: 281° , E), and a forth from 292-379 (.. 10, g: 303° , D) (Fig. 7b). The
orientation of the hill-hole-pair long axes is parallel to *he o.'entation of the glacial lineations (Fig.

11b).

We document a strong link between the occur .. <e cf the largest holes and faults (Figs. 12, 13). These
faults can be deep-seated (several hundreds o1 meters deep) (Fig. 12) or shallow (meters to tens of
meters deep) (Fig. 13). Polygonal fau's aroand deeper faults are characterized by high-amplitude
reflections around the fault planes (r.2. 13). The smaller, well-expressed hill-hole pairs show a
correlation with underlying polynoi .l faults, with the extent of the holes overlapping the outline of the

polygonal fault segments (Fi; 1.).
4.3 Alpha area

The largest hill-hole pair of this study is identified in the Alpha 3D seismic cube (Fig. 14), which is
the southernmost of the investigated datasets (Masiero, 2017). This hill-hole pair has a N-S-oriented
depression, and an associated hill (9 m high and 644,000 m? in extent) to the east. The hole covers an
area of 704,000 km? and consists of a 29 m deep depression (Fig. 14). The hole occurs above a deep-
seated fault, and seismic anomalies are observed nearby (Fig. 14). Shallower faults originating from
the deeper fault are identified in the north, where the seismic facies is rather chaotic. The stratigraphy

to the south of the fault is characterized by continuous high-amplitude reflections. Similar to the



Wisting area, seismic anomalies are locally observed below URU around the hole (Figs. 13, 14), and
in a deeper stratigraphic level next to the deeper fault below the hole. These anomalies could indicate
migration and accumulation of fluids which escaped along the fault plane. If the faults functioned as a
pathway, the bright spots below the URU could represent hydrocarbon accumulations related to fluid

escape from the Late Mesozoic reservoirs.

5. Integration with shallow-core samples

The Hoop Fault Complex is underlain by hydrocarbon accumulations t different stratigraphic levels
(Figs. 15, 16) (npd.no). In the case of HFCEL, flatspots within ‘he v irassic Stg Formation indicate the
presence of hydrocarbons c. 150 m below URU. Stror: . ase-reversed seismic amplitudes are
identified (i) 30 to 60 m below URU above all the resrrveirs and to the east of Gemini East, (ii)
directly below URU above the Sputnik and Gemit.* W st reservoirs, and (iii) directly above URU
above the Gemini North and Gemini East revervr irs as well as above URU to the east of Gemini East
(Fig. 16). The strong phase-reversed se."mic reifection above URU has a strong correlation with a
shear margin moraine in the glacial secire... package and has been interpreted as a potentially fluid-

charged, coarser-grained bed by Beai. vala and Planke (2019).

Fluid migration from these . ~servuir levels to the seabed is detected by fluid analysis of seabed
sediment cores (Fig. "R). ‘We use both the AGI results and in particular the sum of ethane to
tetradecane (sum C,-C,4) * om gravity-core sediment along a transect in the central part of HFCE1
(Fig. 15) as proxies for fluid seepage. The transect is located above tilted fault blocks, some of them
displaying flat spots, as well as shallower amplitude anomalies (Fig. 16). The lithology of the cores is
in general dominated by soft silty clay of dark gray, dark greenish gray, and gray color (5Y 4/1, 10 YR
4/2, 5GY 4/1, N4-N5). Elevated AGI values are measured over the Sputnik and Gemini East
reservoirs, as well as in the area east of Gemini East (Figs. 15, 16). Increased C,-C,4 values are
localized above the western part of the Sputnik field and to the east of the Gemini East reservoir (Fig.

16).
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6. Discussion

The glacial unconformity (URU) has been formed by Quaternary glacial erosion and functioned as a
former ice-stream bed in Bjgrngyrenna (Piasecka et al., 2016; Bellwald et al., 2019). The landform
assemblage of this glacial surface, with frequently occurring hill-hole pairs, differs from classic ice-
stream beds that tend to be dominated by streamlined, elongated grooves and lineations. In the
following sections, we discuss hill-hole pair formation and geometries, their association with

subsurface structures and fluid flow, as well as implication in constraining fluid migration pathways.
6.1 How do hill-hole pairs in the Barents Sea form?

We suggest that the 55 hill-hole pairs identified at URU within the JW Barents Sea have been formed
by excavation of large blocks (median of 95,000 m? ar< 21,700 m®, average of 447,000 m* and
109,000 m®) of material from the paleo-seabed at locations w..~re the Barents Sea Ice Sheet was frozen
to the substrate, and where local conditions favor~c *p-)ff and decollement within the sub-ice sheet
bedrock (Fig. 17a). The glaciotectonic erc.ion observed in our datasets removed up to 44 m of
sedimentary bedrock, corresponding to .. volume similar to the deposits building the thrusted blocks
(Supplementary Table 1). The elongai2 ar.. sub-circular depressions are thus interpreted to be the

original locations of the thrusted ma.~rial forming the hills deposited in the lee-side of the ice flow.

The hills of the landforms &= o1wen preserved, even when subsequently overridden. Deformation
structures include ovr-th) 'sting and even internal layering (Figs. 3, 10), the latter possibly
representing thrust blocks “roken into a series of imbricate slabs that appear as parallel ridges in the
hill morphology (Fig. 10). Sediments forming the hills are likely pushed, stacked, or brecciated by
compressive stresses (Fig. 17b). The hills represent mainly sedimentary material of the Cretaceous
Kolmule Formation and show a similar reflection pattern as the cupola hills in the SW Barents Sea
(Seettem, 1994). Such stresses are suggested to have been produced at the glacier bed and in the
immediately underlying sediments by basal freezing and basal melting events, as suggested for

landforms expressed on the glacier bed of the Prairie Region of North America (Moran et al., 1980).



Deformation structures are only imaged if their size is above seismic resolution and features smaller

than 1-3 m are not resolved.

Excess pore water has been suggested to be drained from subglacial fine-grained sediments by basal
freezing of ice sheets, leading to overconsolidation propagating downward from the base of the ice
resulting in an inverted strength profile of otherwise homogenous fine-grained substratum and creating
conditions favorable for tectonism (Saettem, 1990; Seettem et al., 1996; Christoffersen and Tulaczyk,
2003). Ice-lens-like features in frozen clay have been identified in borehole depths of 90 m in a
suggested glaciotectonically affected area offshore mid-Norway ' =ttem et al., 1996), and are
associated with increasing gas content and decreasing shear sti>ngt'i in sediment. We suggest a
decrease in pore pressure and increase in shear strength in the irmediately underlying deformable
sediments during freezing events (Fig. 17a). In contrast, tncr.ases in pore pressure and decreases in
shear strength dominate during basal-ice melting (Fin. 17b). As proposed by Settem (1994), we
suggest glaciotectonic decollement to follow ¢ layer of soft sediments beneath a stiffer, more
consolidated interval. In our case, this decon>.ent level is about 6-12 m below the seabed (Fig. 6a).
This interpretation is further supported by s il property data from borehole cores which indicate layers
of lower strength than above and bel~w i~ ~therwise similar clays (Seattem et al., 1992b) in the Svalis
Dome area to the southwest of o':r study area (Fig. 2b). The shear strength versus depth in their data
indicate a required stress of 1°-20 kPa to create decollement at 6-12 m depth, which is reasonable in

an ice-stream setting.

We note that pore-water drainage can reduce pore pressure dramatically by subglacial freeze-on under
certain conditions (Fig. 17a) (Sattem et al., 1996). If such pore pressure drop reaches gas hydrate in
the substratum, the hydrate may destabilize and release gas. Although this response will counteract the
pore-pressured drop, it hints at the possible combination of a net freezing glacier bed (sticky),
consolidation of subglacial sediments and underground decollement favored by the oscillation
between the cracking forces of solid hydrate and free gas around the lower hydrate stability zone

boundary across the Barents Sea (Andreassen et al., 2017). Seismic anomalies below the hill-hole



pairs could indicate that shallow gas is still present today (Figs. 13, 14). Gas migration to the seabed

increased after the formation of the holes, as gas hydrate dissociated, and free gas escaped.

Glacial lineations expressed over some of the hills indicate glacier overriding (Figs. 3, 8, 11). The
orientation of the hill-hole-pair axes, correlating with the direction of glacial lineations, allows
reconstruction of past ice-flow directions, with the erosional hole formed upstream of the depositional
hill (Fig. 7). We found a close association between parallel long axes of both glacial lineations and
hill-hole pairs. A similar correlation between the directions of lineations and hill-hole pairs is also
observed in Olga Strait, northern Barents Sea (Hogan et al., 2010). T).> orientation of four streamlined
hill-hole pair clusters (clusters A, B, C, E) in our dataset are rel.~ts *rom NNE-SSW and an E-W-
oriented streaming events and correlate with lineation flow .el.. mapped over large extents at URU
(Piasecka et al., 2016). The fifth cluster (cluster D), with avei.ge orientations of 298° in the Gemini
North area and 303° in the Wisting area (Fig. 7), doe- nut correlate with any previously mapped flow

set, and might indicate a newly discovered ice-str¢miny event.

Ottesen et al. (2005) interpreted that the Norw.rian margin submarine hill-hole pairs were linked to
regions of slower-moving ice, possiblv i.~vi.g formed during deglaciation. In North Dakota, thrust
blocks have been interpreted to indica.> Trozen-bed conditions near the former ice margin (Clayton
and Moran, 1974; Moran et 2! .780; Bluemle and Clayton, 1984). Ice-sheet configurations with
frozen-bed conditions and 'z v~ uving ice to ice stillstand are also prevailing during the formation of
the hill-hole pairs identitic I the SW Barents Sea, with a shear margin moraine located to the east of

the area characterized by hill-hole pairs (Fig. 8) (Bellwald et al., 2018b; Bellwald and Planke, 2019).

The high-resolution 3D seismic data used in this study show that the distribution of hill-hole pairs at
URU are fault-controlled, and we propose that these faults facilitated local glaciotectonic
displacements. The high-amplitude reflections associated with the faults and seepage analysis in the
sediment cores suggest that the faults were used as conduits for fluid migration where gas-hydrate
formed at shallower levels. We further suggest that subglacial gas hydrate formation enhanced basal
freeze-on and bulk strength of the substratum (Fig. 17a), as has been previously hypothesized for hill-

hole pair formation in the Southern Barents Sea (Winsborrow et al., 2016). Indeed, gas hydrates



desiccate and stiffen host sediments permitting high basal traction between the ice and its bed, which
is known to affect ice flow. Gas hydrates are reported in the modern subsurface of the Barents Sea
(e.g., Vadakkapuliyambatta et al., 2017; Serov et al., 2017), and under glacial conditions of high

pressure and low temperature, would likely have been far more extensive.

We suggest two types of formation processes for hill-hole pairs in the Barents Sea: A first type is
focused fluid flow along faults building localized gas hydrates at bedrock-ice interfaces (Fig. 18a).
The second type is fluid flow along faults getting diluted in the overburden, probably in combination
with an inverted strength profiles in its upper part. This migratic.” type results in dispersed gas
hydrates in glacial till and evolving into a more random occurrei.~e cf hill-hole pairs at the seabed

(Fig. 18h).

6.2 Glaciotectonic processes

Glaciotectonism results in ductile deformation for ~orl/ lithified sediments, and brittle deformation
for sedimentary bedrock (Andreassen et al , 20)4; Aber and Ber, 2006). Glaciotectonized bedrock
beneath URU is reported in two shallow ~tratigraphic boreholes in the study area (Seettem, 1991). The
deformed reflections of moderate stizrgu. below URU have been interpreted as glaciotectonic
deformed strata in previous studies ‘Belhiwald et al., 2018; 2019). The eastwards-dipping reflections
within the Cretaceous bedrock inicate a westward flowing Barents Sea Ice Sheet during the time of
deformation. During multinle ¢ acial advances, the loading and compaction of sediments and bedrock
by ice resulted in deforme 1 Cretaceous bedrock packages down to 30 m below URU (Fig. 9b).
Deformed strata occur within the same fault segment, indicating normal faulting superimposed by later
glaciotectonic deformation. Additionally, deformation is documented associated to the formation of
mega-scale glacial lineations (Bellwald et al., 2019; Figs. 3a, 9b). Geometries similar to the
glaciotectonically deformed strata of this study are conjugate normal faults developed in the Lgnstrup

Klint Formation with an offset of about 1 m (Pedersen, 2005).

6.3 Implications of hill-hole pair geometries



Well-preserved hill-hole pairs on the modern seabed were commonly formed during the last
glaciation. These recent landforms display a variety of geometries but are often characterized by
elongated tails on their lee-side (Settem, 1990; King et al., 2016; Rise et al., 2016; Steinbitryggen-
Sopphola in Fig. 1), which consist of glacial till (Seettem, 1990). For hill-hole pairs formed in glacial
till, broad fault-guided patterns of fluid flow will determine in which areas gas hydrate formation is
possible (Fig. 18). However, direct structural-control on the distribution of such hill-hole pairs is
weaker than for those that directly overlay bedrock (i.e., URU hill-hole pairs), because gas hydrate in
glacial till will tend to accumulate more randomly and more dispers 2d (Fig. 18). Furthermore, within
laterally uniform clay-dominated till known from the SW Barer (s .?a (Settem et al. 1992b), we
suggest decollement could most easily occur beneath a consol Jate.' layer attached to the base of the
glacier ice. The expected shear strength below this layer :~cicases with depth (e.g., Seettem et al.,
1992a). Hence, thin layers are more easily displaced thar thic' ones. We may therefore expect larger

hill-hole pairs but with a shallower extent.

In contrast, the URU hill-hole pairs are ofter, 7. particularly well-defined. They are characterized by
smaller extents and deeper holes and form ~ rim on the lee side of the hole or have a tabular shape
(Figs. 3, 8, 11) when compared to *he _erped hill-hole pairs (Fig. 6). Their less-pronounced relief
might be a consequence of reduc~1 preservation related to subsequent erosion and deformation. Here,
we propose that their shapes r.fleci (he distinct geology underlying the preserved URU hills compared
to their seabed counter. rts ‘Fiy. 18). We argue that, in certain settings, the formation of gas hydrates
subglacially may facilitate .ne formation of both seafloor and URU hill-hole pairs. We further suggest
that the depth and nature of gas-hydrate distribution in the subglacial sediments/bedrock will influence
the shape and position of the resultant hill-hole pair, with the depth of the hole broadly corresponding
to the depth of the gas hydrate stability zone (Fig. 17a). Furthermore, the URU hill-hole pairs form at
the interface between preglacial bedrock and glacial till. Here, in the underlying sedimentary bedrock,
gas-hydrate accumulation is strongly linked to subsurface faults giving rise to a strong structural
control on hill-hole pair formation and a smaller but deeper form (Weinberger and Brown, 2006; Cook

et al., 2008).



Kurjanski et al. (2019) mapped 14 hill-hole pairs in the Central Barents Sea. The holes have average
dimensions of 510 m x 860 m, extend over c. 0.6 km® (600,000 m?) and are in average 7 m deep
(Supplementary Table 1). The hills measure on average 300 m x 640 m in width/length and span over
0.3 km? (300,000 m?) with average heights of 11 m (Fig. 6) (Kurjanski et al., 2019). Compared to the
hill-hole pairs identified at the seabed of the Barents Sea, the URU hill-hole pairs have smaller lateral
extensions, but deeper depressions (Fig. 6). The Alpha hill-hole pair (1.3 km? comes closest to
compete in extent with the large hill-hole pair in Skagerrak (800 km? Ottesen et al., 2005), in
Hakjerringdjupet (250 km?, Sattem, 1994; Winsborrow et al., 201€". and on Fuglgybanken (56 km?,

Seettem, 1990; Fig. 1).

The presence of gas hydrates is an important factor for the forr ~tiun of both types of hill-hole pairs.
While the gas hydrates within glacial till are likely to acct'muy xte more randomly and more dispersed,
these accumulations have a strong link to subsurface #2uits when located within sedimentary bedrock
(Weinberger and Brown, 2006; Cook et al., 200€: As the distribution and formation of the hill-hole
pairs at URU appear to be controlled by fau.*s and gas hydrates, the depth of the hole gives a rough
estimation about the depth of the gas hydra:~ stability zone (Fig. 17a). The depths of the holes are all
located within the gas hydrate stabili** zon: modelled for the SW Barents Sea (Vadakkepuliyambatta
et al., 2017). Seismic anomalies in ciase vicinity to hill-hole pairs are interpreted as relicts of the
paleo-gas hydrates (Figs. 13, ., @ model that has also been suggested for pockmark formation in the

Norwegian Channel (F~.-sbu-a ¢ ¢al., 2007).
6.4 Hill-hole pairs and petroleum systems

A high-resolution 3D seismic cube with a densely-cored transect covering an area with several drilled
hydrocarbon discoveries allow us to evaluate the significance of hill-hole pairs as evidence of fluid
seepage similar to pockmarks and mud volcanoes (Fig. 16, Tab. 1). The hill-hole pairs in the Gemini
North area occur west of a shear margin moraine, where the presence of mega-scale glacial lineations
indicates streaming ice flow occurred across the URU surface (Fig. 15) (Piasecka et al., 2016;
Bellwald et al., 2018b). The area is furthermore underlain by the Sputnik oil discovery (7324/6-1) c.

150 m below URU (Fig. 15). Similar discoveries are located below the shear margin moraine (7325/4-



1), where we see no evidence of ice streaming and no hill-hole pairs can be observed, we therefore
infer that here the ice was flowing slower. The correlation between seabed fluid analysis, URU hill-
hole pairs and hydrocarbon fields supports that the fluids for the gas hydrate formation and shallow
gas accumulations most likely originate from Jurassic reservoirs. Fluids escaped from the sands of the
Jurassic Stg Formation along Mesozoic fault planes. These fault planes thus functioned as fluid
migration pathways with fluids migrating upwards and accumulating under the fault-plane-sealing
URU. The fluids migrating from the Gemini West hydrocarbon field, located outside of the shear
margin moraine, laterally deviate into the shear margin moraine or their way up to the seabed (Fig.
16). This lateral deviation in vertical fluid migration explains the 'ack f hill-hole pairs at URU level
in an area directly above the Gemini West hydrocarbon field (Tab. 1; Fig. 15). The formation of the
shear margin moraine hindered the ice to freeze into the -...eilying bedrock, and therefore hill-hole
pairs could not form above the Gemini North and Gem’ni Cast hydrocarbon fields. However, fluid

migration from these reservoirs is detectable in the se~ae, sediment cores (Figs. 15, 16).

Faults have been documented to be assuoiz.ed with gas hydrate and free gas accumulations
(Weinberger and Brown, 2006; Cook et ai., 2008), and the hill-hole pairs be used to locate the exit
points of migration route, and hence ~ro ice valuable information to constrain petroleum systems. In
our interpretations of hill-hole pa‘* foniation, fluids would migrate along faults, which connect deeper
reservoirs to shallower gas-h,draiz accumulations near the paleo-seabed. The overlying grounded
Bjerngyrenna Ice Strez. I.~al'y and occasionally formed strong frictional bond to the gas hydrate-
bearing sedimentary bedrcck. The hill-hole pairs were formed when the ice ripped patches off its
substratum (creating holes), and then depositing the excavated sediment/rocks from the holes
downflow as hills when the decollement friction exceeded the bond to the overlying ice. In this
context, the holes of the pairs represent local areas experiencing active fluid seepage, which was
assisted by the faults. The accumulation of gas and gas hydrates could additionally weaken the

affected underground, forming preferential decollement zones.

Our study highlights the correspondence between hill-hole pairs, faults, and hydrocarbon systems. A

better knowledge on the distribution of hill-hole pairs and faults is a useful tool for predicting



hydrocarbon occurrence in datasets lacking any seep anomalies. Glaciotectonic landforms can thus
show persistent fluid flow from the underlying basins. In the Barents Sea, fluid flow clearly influences
glaciotectonic deformation and the formation of hill-hole pairs, and glaciotectonic deformation can
here be used as a hydrocarbon indicator. Glaciotectonic deformation involving sticky spot and
decollement should not only occur where hydrocarbons have migrated into affected strata in the
Barents Sea, but also be far less common in areas not affected by the presence of hydrocarbons in the

region.

6.5 Migration through the glacial package

Negative-amplitude anomalies above and below URU indicric U gas is temporarily stored at
different levels below and above URU (Tab. 1). Fluids from .. @ Gemini North and Gemini East blocks
hit the shear margin moraine on their way up and could .~11s not form sticky spots for hill-hole pair
formation. Fluid migration can be detected above Ceeriiri East in sediment samples collected on the
modern seafloor. This gas spike might be a c~.. hinction of vertical migration along Gemini East and

horizontally deviated fluid flow from Gemini Ncth (Fig. 16, Tab. 1).

While the seabed in the Gemini North rr.a .. characterized by glacial lineations and some pockmarks
(Bellwald et al., 2018b), the seabe.' in ine Wisting area is dominated by iceberg ploughmarks and
abundant unit pockmarks. Unit pockinarks are smaller in extent compared to normal pockmarks, 10s
of meters wide, c. 1 m deey, an.' have a circular geometry (Hovland et al., 2002; Tasianas et al., 2018).
Studies from the Snghvit gas field conclude that unit pockmarks are formed by gas-hydrate
dissociation after glaciation (Tasianas et al., 2018). The abundance of seabed pockmarks in both the

Wisting and Gemini North area is thus another indicator that this region hosted gas hydrates in the

shallow subsurface.

Our interpretations also show that fluid seepage occurs outside of a low-permeable shear margin
moraine (Figs. 15, 16) (Bellwald and Planke, 2018). Therefore, this study also shows that glacial

sediments can control fluid migration on small vertical scales. The identification of low-permeable



glacial deposits could be valuable for suitable site selection of carbon storage on glaciated margins, as

these deposits can potentially prevent CO2 leakage.

7. Conclusions

The interpretation of high-resolution 3D seismic data allowed us to characterize buried hill-hole pairs
formed by localized basal freeze-on of the Bjgrngyrenna Ice Stream and to establish links to
underlying geological structures. Combining geophysical interpre ations with gravity-core results
documented a strong link between the presence of hill-hole pairs, f'uiu migration along different types

of faults, and hydrocarbon reservoirs.

The 55 hill-hole pairs identified in this study, affecting ureg.3cial bedrock strata, have extents from
8,000 to 1,350,000 m?. They are thus an order of mannj.ude smaller than hill-hole pairs identified at
the seabed and affecting Quaternary deposits. Th2 acuth of the holes at URU, however, is roughly

double the depth of holes at the seabed.

The hill-hole pairs of the Gemini Neov.> aza are all identified in an area with active paleo-ice
streaming and correlate with the Spu .- hydrocarbon discovery c. 150 m below the paleo-seabed. The
occurrence of these hill-hole pairs indicates the presence of localized frozen-bed conditions beneath
parts of the former Barents Se. ce Sheet. We suggest that increased vertical fluid flow from the
Sputnik oil field fed tie Crewaceous strata below the URU with gas, and the low-temperature, high-
pressure subglacial conditions resulted in the formation of gas hydrates in these stratigraphic levels.
Localized areas of basal freeze-on beneath a NE-SW to SE-NW flowing ice stream were formed
where patches of subglacial gas hydrate existed, leading to the formation of the hill-hole pairs. Fluid

seepage from the Sputnik discovery to the seabed is still ongoing today.

The absence of hill-hole pairs above the Gemini North and Gemini East hydrocarbon reservoirs can be
explained by the formation of a shear margin moraine, indicating the absence of ice-streaming.

Indications of gas migration can be found in glaciotectonically deformed beds below the URU, and a



soft bed above URU. However, gas from these reservoirs is still seeping to the seabed today but might

undergo lateral migration along the glaciotectonic strata and the soft bed above URU.

Knowledge on ice-stream configurations, subglacial thermal regimes and glaciotectonic landforms are
crucial for understanding seabed geochemical anomalies. Fluid seepage from Mesozoic reservoir rocks
affects the formation of glacial landforms hundreds of meters above the reservoir. Links to subsurface
structures and stratigraphy allow to draw conclusions about the genesis of different types of glacial
terrains. Hill-hole pairs underlain by bedrock might have different formation process compared to the

commonly detected hill-hole pairs along the seabed, which is usually -.~derlain by glacial till.

High-resolution 3D seismic data are required to image small hi': “o.c pairs circa 10 times smaller in
relief compared to the seabed. This quality of geophysical uta Is required to properly validate fluid

migration and new hydrocarbon seep indicators at shallow _*thcurface levels.
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Figures and figure captions

Fig. 1. Example of hill-hole pairs on r.ocern seabed along a glaciated margin. Expression of the

Steinbitryggen-Sopphola hill-hole pa:~ at the modern seabed of the Tromsg Basin. The three hill-hole
pairs in this area, indicated bv nu, ~hers 1-3, are all characterized by a hill located to the west of the
hole. Sketch in the lower--ight corner shows how to characterize the dimensions of hill-hole pairs.
Height of the hill (a) and d' pth of hole (b). Bathymetric data from mareano.no (cell size of 5x5 m).

See Fig. 2 for location.
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Fig. 2. Setting of the SW Barents Sea. a) Western Barents <ea Ice Sheet with modelled ice-flow
velocities at Last Glacial Maximum (Patton et al., 2016), mu.‘ prominent petroleum discoveries (green
dots; www.npd.no), location of sticky spots (Winskr.ov/ et al., 2016), blow-out craters (Andreassen
et al., 2017), gas-hydrate pingos (Waage et il., 2012), cupola hills (black stars, Seettem, 1994), and
hill-hole pairs of the central Barents Sea (vellow Jot, Kurjanski et al., 2019). BIF: Bear Island Trough
Mouth Fan. b) Datasets of the Greatrr '~ >~p area providing the basis of this study. Hydrocarbon
discoveries (green: oil, red: gas) ce shawn. Numbers indicate figures generated from the seismic
cubes. Rectangular shapes are h:Res 3D seismic datasets used in this study (names indicated as black
text). Non-rectangular shar.es >re underlying geological units, with nomenclature indicated as black

italic text. Geological infon . ation from npd.no.
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Fig. 3. Resolution improv..nents of high-resolution seismic data for hill-hole pair imaging along the
URU surface and for underlying faults. a) Structure map of hill-hole pair using HiRes 3D seismic data
(horizontal resolution of 6 m) and seismic profile across (vertical resolution of 3 m). b) Structure map
of hill-hole pair using conventional seismic data (horizontal resolution of 12 m) and conventional 3D
seismic profile across (vertical resolution of ¢. 12 m). URU is the prominent positive-amplitude
reflection in the seismic profiles. Seismic inset shows overthrusting along the main axis of the hill-

hole pair in high-resolution 3D seismic data. Seismic data courtesy of TGS and Fjorgyn.



b) Conventional 3D

Fig. 4. Data comparison along time slice z = 496 m in the Wistina ~e=. a) Deeper faults (arrows) and
shallow faults (here polygonal) imaged by using high-reso'.itio:, 3D seismic-amplitude data with a
horizontal resolution of 3 m. b) Conventional 3D seismi. amy litude data with a horizontal resolution
of 12 m. The identification of the deeper faults is o1, illenging, and the polygonal faults cannot be

imaged. Seismic data courtesy of OMV and TGS.
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Fig. 5. Dimensions of hill-hole pairs identified in the high-resoluti~n JD seismic volumes from the

Gemini North, Wisting and Alpha areas. Dataset shown in Supp’c:i. 2ruary Table 1.
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Fig. 6. Dimensions of hill-hole pairs identified at URU (this study, % ."gej compared to hill-hole pairs

identified at the seabed of the central Barents Sea (Kurjanski ct ' (2019), blue). Dataset shown in

Supplementary Table 1.
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Fig. 7. Rose diagrams of hill-hole pairs (HHP) at URU. HHP ide tified in the high-resolution 3D
seismic data of the Gemini North (a) and Wisting (b) areas. The re 1 liri>s indicate average orientation,
defining the clusters A, B, C, D and E. (c) Mega-scale glacial I.neations (MSGL) at URU identified in
conventional 3D seismic data of the Greater Hoop area, v:..~h \acludes the Gemini North area to the
south. Data modified from Piasecka et al. (2016). Five ic.-sticam events are indicated by red stippled

lines. Dataset shown in Supplementary Table 1.
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Fig. 8. Geomorphology of hill-hole pairs along buried s (face.. URU structure map of Gemini North
area showing association between hill-hole pair o.iei.:>*0n and ice streaming. a) URU structure map
of the Gemini North area. Modified after Be 'we.d et al. (2019). Stippled line indicates extent of shear
margin moraine (Bellwald and Planke,zc'9). Arrows show most prominent hill-hole pairs, which
occur on the ice-streaming side of the skea- zone. Hill-hole pair axis indicates dominant NE-SW ice
streaming. b) Tabular hill-hole pcir. > Rimmed hill-hole pair. For seismic profile and planar view of

this hill-hole pair, check Fig. ?a.
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Fig. 9. Link between hill-hole pairs and faults in the si.c'iow sub-surface of Gemini North area
(HFCEZ1). a) URU structure map showing different ¢ l>cie! landforms. b) Seismic profile across glacial
landforms. Yellow arrows indicate correlati’ig Jolygonal faults. ¢) Frequency blending along time
slice (t = 708 ms) to image polygonal faults. ~lack-colored areas indicate no frequency response.

Seismic data courtesy of TGS and Fjorcyr.
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Fig. 10. Stratigraphy of hill-hole pairs. a) URU structure maj. 2f the Gemini North area (HFCE2). The
hill-hole pair is characterized by two depressions separate. hv a 11 m high rim. Iceberg ploughmarks
are predominantly east-westwards oriented. b) Iite.nal layering of the hill and glaciotectonic
deformation below URU. The location of tF. ho.> indicates a strong link with underlying faults.

Seismic data courtesy of TGS and Fjorgyn.
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Fig. 11. Landform assemblages at URPU n .he Wisting area. a) Structure map of the interpreted area.
Four sets of mega-scale glacial '\nea..ons (MSGLSs) are shown by white arrows. b) Zoomed image

highlighting orientations of hi.'-hol= pairs (HHPs) and mega-scale glacial lineations (MSGLS).



Fig. 12. Link between hill-hole pairs and underling polygonul 1.2ics. a) Structure map of a hill-hole

pair at URU in the Wisting area. b) Seismic profile ac*ass he hill-hole pair. Polygonal faults are
numbered. c) Time slice across polygonal faults at » u>pth of 507 m. I, 1l and 111 are polygonal fault

segments. Seismic data access: DISKOS database, Nlorwegian Petroleum Directorate.



Fig. 13. Association between deeper faults, shallow faul*s «.d hill-hole pair in the Wisting area.

Implied fluid migration along deep-seated and polygona’ 1. 'lts is shown by yellow arrows. Longer
arrows along polygonal faults below hole indicate n.~.e 12cused fluid flow in this part, whereas fluids
are also migrating along all other faults Se smic data access: DISKOS database, Norwegian

Petroleum Directorate.
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Fig. 14. Deeper faults and hill-hole pair in the Alpha arez. 11.'ck stippled line indicates deep Jurassic
fault, whereas thin stippled lines show faults of likelv nlaciotecconic origin. Phase-reversed reflections
below the hill-hole pair evidence the presence »f sidllow gas. White arrow indicates paleo-ice-

streaming direction. Seismic data courtesy 0, TCs and Fjorgyn.
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Fig. 15. Link between landforms at URU surface, secved s2ep results, and Jurassic hydrocarbon
reservoirs in the Gemini North area (HFCE1). a) Jura.2*< hydrocarbon reservoirs (white shaded areas),
fluid seepage in seabed cores (red circles: a.:om lies, black circles: no anomalies), ten identified hill-
hole pairs (numbers) and extent of shear 1, 2rgin moraine (white stippled line, modified after Bellwald
and Planke, 2019) are indicated. b) Se’eced sediment cores for fluid seepage analyses. Numbers
indicate core IDs. Sediment core, »C and 76 are shown in Fig. 15a, whereas sediment core 66 is

located 2.9 km to the east of the fiy.re. Core data courtesy of TGS and VBER.
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Fig. 16. Signature of fluid migration 7oc.~ uifferent hydrocarbon fields. Hill-hole pairs only occur

above the Sputnik field. a) P-Cable 3D . igh-res seismic profile across HFCE1 and P-Cable 2D high-
res seismic profile outside of H™Cr". b) Interpreted seismic profile. Four hydrocarbon fields located
within the Jurassic Ste Fc.on.tiun, of whom two have been drilled (Gemini North and Sputnik).
Shallow gas is found at u'fferent stratigraphic levels above the reservoirs. Fluid migration within
Mesozoic bedrock (black arrows) and Pleistocene glacial sediments (red arrows) is indicated. c)
Results of fluid seepage from 37 sediment cores along the transect line. Red and blue lines show the
seepage trends and are filtered within a window of 8 km. Seismic data courtesy of TGS and Fjorgyn;

core data courtesy of TGS and VBER.
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Fig. 17. Geological model for the formation of hill-hole pairs. a) G'aciated SW Barents Sea. Barents
Sea Ice Sheet locally frozen to the underlying sedimentary *.2ru sk, which is characterized by a deeper
fault and polygonal faults with glaciotectonic deformati.n \.> the uppermost part. Gas hydrates are
suggested to function as the glue for the freezing ~f "ie wubsequently displaced bedrock, and faults to
be locations of focused fluid migration. F.uid. accumulate below the gas hydrate stability zone
(GHSZ). Bjgrngyrenna Ice Stream flov.ing to the west transports underlying Mesozoic bedrock.
Magnitude of ice streaming is indicatec by 1nue arrows, with localized stagnation at the sticky spot. b)
Hill formation: Ice flowing to the left released the Mesozoic bedrock evacuated from the hole
(previous location of gas hydrate>) and deposited it in the shape of a hill. Large quantities of gas
hydrates dissociated, but (as a>cumulations may still be found close to the hole. Plots show time-
dependent shear strength an 1 shear stress (s, blue) and pore pressure (p, red) trends for freezing and

melting stages. Plots are valid only for the glacier bed interface.
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Fig. 18. Hill-hole pairs as hydrocarbon seep indicators. a, ‘dill-hole pair formed at an ice-bedrock
interface (e.g., URU). Fluid migration from a hydrocrbon reservoir occurs along faults, which
correlate with the holes. Glaciotectonic defo’ina’ion may occur within the polygonal fault segments.
b) Hill-hole pair formed at an ice-till interface {e.g., modern seabed). Fluid migration occurs both

through overburden and along faults, ard»..'ins can get laterally deviated at the till-bedrock interface.



Table 1. Relation between presence of hill-hole pairs at URU and fluid leakage from Jurassic

hydrocarbon reservoirs. The information relates to the areas vertically above the reservoirs.

Sputnik Gemini West Gemini North Gemini East
Hill-hole pairs at URU Yes No No No
Negative anomalies below  High at multiple levels Low High Moderate
URU
Negative-amplitude Very low Very low High Very high
anomalies above URU
Seepage to seabed High Low Low High
Ice configuration Streaming Streaming Slow ice flow Slow ice flow
Conclusion Fluid leakage, formation  No fluid leakage, no  Fluid leakage, fluids  Fluid leakage, fluids
of gas hydrates and hill-  gas accumulations accumulated below  accumulated below and above

hole pairs at URU, fluid
seepage to seabed
ongoing

and above URU,
lateral fluid
migration at URU
level

URU, fluid seepage to seabed
ongoing



Graphical abstract




Highlights

- Hill-hole pairs have been studied along a glacial unconformity in the SW Barents Sea
- There is an association between buried hill-hole pairs thermogenic hydrocarbons

- Localized basal freezing of the Barents Sea Ice Sheet occurs near fault terminations

- Hill-hole pairs above bedrock indicate a link to faults and hydrocarbon reservoirs

- Hill-hole pairs can be used as hydrocarbon seep indicators in petroleum exploration



