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Abstract

Recent observations of extensive methane rele&s¢hie oceans and atmosphere have raised
concern as to whether rising temperatures acresAirittic could drive rapid destabilization

of gas hydrate reservoirs. Here, we report modghesults from hydrate-modulated methane
seepage from Vestnesa Ridge, offshore western &walbuggesting that continuous leakage
has occurred from the seafloor since the earlysileene up until today. Sustained by
modelled deep subsurface thermogenic sources afdvimage, large scale hydrocarbon fluid
migration started ~6 million years ago and readhedseafloor some 4 million years later.
The modelling results indicate that widespread amr&thseepage offshore western Svalbard
commenced in earnest during early Pleistoceneifisigntly older than late Holocene as
previously reported. We propose that the onseedfcal hydrocarbon migration is the
response of rapid burial of potential hydrocarbouarses induced by increased sediment
deposition following the onset of Northern Hemisgghglaciations, ~2.7 million years ago.
From the modelling results we propose that souwck intervals capable of generating
hydrocarbons and hydrocarbon reservoirs buriedrielers deep have continuously fueled
the gas hydrate system off western Svalbard fop#st 2 million years. It is this hydrocarbon
system that primarily controls the thermogenic raathfluxes and seepage variability at the

seabed over geological times.



1. Introduction

Quantifying the release of methane and other pge@nhouse gases sequestered as
submarine gas hydrates is critical for understamthie drivers of past and predicting future
climate trajectories (Ruppel, 2011). Across thetigreecent discoveries of natural gas
actively venting into the water column have beénltaited to the thermal destabilization of
shallow gas hydrate reservoirs due to ongoing thgwf offshore permafrost coupled with
ocean bottom warming (Shakhova et al., 2014; Westbet al., 2009). It is estimated that
current Arctic warming will release ~50 Gt of hytlraourced methane from the East
Siberian Shelf into the atmosphere during our curdecade up to 2025 (Whiteman et al.,
2013), a flux that is apparently unprecedentedndutihe Quaternary record (Loulergue et al.,
2008). However, gas flares in the water columnalaa emerge from natural pathways that
enable fluids to migrate from deep thermogenic bgdrbon sources directly to the seabed
over millions of years. Furthermore, recent geom@svidence reveals that a prominent
cluster of gas flares detected off the westernlt&rdl coast has existed for at least 3000 years
(Berndt et al., 2014) implying that gas leakage ihie ocean has continued throughout this
time independent of climatic fluctuations (i.e.,thttle Ice Age and Medieval Optimum). To
date, there are virtually no constraints on longatgariability in gas leakage rates across the
Arctic or, specifically, on the origin of the leakj gas and the spatial and temporal evolution
of hydrate-controlled methane seepage (Dumke ,e2@l6; Plaza-Faverola et al., 2015;

Plaza-Faverola et al., 2017).
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Fig. 1 The Arctic-Atlantic gateway (Fram Strait) in the fdiz Seas (inset), bathymetry (IBCAO,
International Bathymetric Chart of the Arctic Ocg&iakobsson et al., 2012), and location of 2D
seismic profile SV-3-97 and Ocean Drilling Progré@DP) Sites 910-912 (Yermak Plateau), 909-908
(Fram Strait), and 986 (western Svalbard). Detegtedflares on Vestnesa Ridge and Prins Karls
Forland (PKF) are indicated by blue dots. The mtipe of Site 986 on seismic profile SV-3-97 is
indicated. Continent-ocean boundary (COB) is medifrom Engen et al. (2008) Gr: Greenland, HR:

Hovgard Ridge.



In order to circumvent this problem and assessfdity in long-term gas leakage we
modelled a petroleum system that predicts methanergtion and migration from
thermogenic sources to the leakage points in thenAt-Arctic gateway region over millions
of years. The model is constrained by one 2D seisefiection profile (SV-3-97) tied to
available borehole data (Fig. 1; Table 1). Thersmgrofile reveals a complete marine late
Cenozoic sequence; at least ~17 million years dihsentary section is inferred from Ocean
Drilling Program (ODP) Site 909 biostratigraphidalaompilation (Matthiessen et al., 2009;
Myhre et al., 1995; Winkler et al., 2002; Wolf-Walj et al., 1996), that crosses a region with
active methane seepage located along the westatha®d margin (Figs. 1 and 2) (Bunz et
al., 2012). In the west, the 2D seismic reflectioafile SV-3-97 is tied to ODP Site 909, in
which organic-rich (>2 wt.%) deposits of largelyrigenous origin and free gas anomalies
have been detected (Stein et al., 1995). In thie #sessame 2D profile crosses the gas hydrate
reservoir and associated seepage system of trermasist segment of the Vestnesa Ridge,
which is defined as a contourite drift located haot the Molloy transform fault (Fig. 2)

(Bunz et al., 2012; Fisher et al., 2011; Hustotilet2009; Smith et al., 2014).
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Fig. 2. 2D seismic profile SV-3-97 and depth-convertdadnpretations (in meters) with faults
and age assignments (Ma, millions of years). (&js®ic profile SV-3-97 (in TWT = two-
way travel-time) with fault interpretation and pasn of ODP Site 909, Molloy Transform
Fault (MTF), and Vestnesa Ridge gas flares (VR.gaslor codes: Red (1) = seafloor;
Yellow (2) = 2.6 Ma (Matuyama-Gauss chron boundésattingsdal et al., 2014); Green (3)
= 6.2 Ma (biostratigraphic datum); (Matthiessealet2009); Blue (8) = Top Basement (~300
Ma). (B) Depth-converted seismic profile SV-3-9fe¢boxes indicate 1=seabed; 2=2.6 Ma,
3=6.2 Ma, 8=Top Basement (as indicated in (A)), fmuol reconstructed layers, i.e. 4 =12
Ma, 5=15.2 Ma, 6 = 17.4 Ma, 7 = 18.5 Ma usingdlye model of ODP Hole 909C (Winkler
et al., 2002; Wolf-Welling et al., 1996). The saairock units are defined between layers 5
and 6 from direct observation of ODP Hole 909C @s&and Mann, 2002) and in layer 7 from
inferred deeper located source rocks below the 68&®P Hole 909C (~17.4 Ma) (Stein et
al., 1995). Different color codes of the layersigade variable converted depths (in meters)
below seafloor. Blue circles indicate the positdithe gas flares in the water column on the
eastern VR (Bunz et al., 2012). Notice the locatbgas flares at the crest of an anticline

characterizing the VR. Site location for ODP SRS and (projected) 986 are given.



The main objectives of this study are two-fold: (P9 improve our understanding of the
spatial and temporal evolution of the potentialdogdrbon sources in the eastern Fram Strait
and (B) to apply a migration modelling approacthétier determine the timing of initial onset
and duration of methane seepage on the Vestnega Bas hydrate system and identify the
potential controlling factors for this evolutionhi§ region is particularly well-suited for the
study of long-term variations of methane seepagause (1) it is located within the spatial
and temporal extent of a petroleum system (Dumie. €2016; Knies and Mann, 2002); (2)
there are known migration pathways through fauit$ faactures (Plaza-Faverola et al., 2015);
and (3) deep carbon sourced gas hydrate format®&mgh et al., 2014) with a prominent
bottom simulating reflector (BSR) (Hustoft et &009) exist in regions of extensive gas

seepage at the seafloor (Binz et al., 2012).

2. Data and methods
2.1 Data

The input/calibration data for the hydrocarbon raigm modelling were mainly derived from
geochemical and sedimentological studies of OD&sI09 and 986 from the Atlantic-Arctic
gateway region including calculated amounts of nmea&nd terrestrial organic carbon,
estimated paleo-productivity, headspace gas dataidifshale ratio, as well as carbonate
contents published by Myhre et al. (1995), Steial {1995), Butt et al. (2000), and Knies
and Mann (2002). The basin configuration, derivedfthe 2D seismic reflection profile SV-
3-97, is supported by inferred non-deposition anutaerial exposure of ODP Site 908
(Hovgard Ridge) between ~25 and ~6.7 Ma (Matthiessel., 2009) in the west, and
constant sub-aerial exposure of the Svalbard/Bsi®ea platform since the Middle Miocene

in the east (Knies and Mann, 2002 and referena@sitt). The details of the basin



configuration as baseline for the hydrocarbon ntignamodel are provided below. The SV-3-
97 2D seismic profile was acquired in 1997 usidgZzakm cable with a towing depth of 9+1
m and an array of sleeve guns at a towing depéofwith a shotpoint interval of 37.5 m.
The dominant frequencies of the seismic line ateséen 12-40 Hz, giving an approximate

vertical resolution varying between 15-40 m, depegdn depth.

2.2 Petroleum systems modelling

Petroleum system analysis (PSA), a well-establishethod in hydrocarbon exploration,
numerically models processes of hydrocarbon geoetanigration, trapping and leakage
within sedimentary basins over geological times.thts study, we used the Migri simulator

(http://www.migris.no/technology), a fast commel&&A software toolkit. All modelled

properties are treated dynamically, meaning th@wes change through geologic time.
Details on the methods for modelling the individpedcesses are described in Sylta (2005);

we briefly summarize key processes relevant far shiidy here.

The vertical entry pressure distribution withirdaretween the layers is evaluated to
determine whether primary migration out of the seuocks should be directed upward or
downward. Over time, entry pressure values in tictelements are calculated from the
permeabilities, which are derived from the lithatag composition and burial depths (see
“lithology and burial history”). Secondary migraties modelled as mostly buoyancy-driven
within permeable systems underneath flow barri@@nmonly, the direction of flow is
governed by the steepest gradient of ascent. llaeny pressure differences within the flow
unit may, however, cause the flow to be deflectaderal migration may also be stopped or
deflected when the flow encounters a shale pindhzarrier with higher entry pressures than

more porous strata. Migrating hydrocarbons areetted to accumulate in traps. Gas and



subsequently oil are modelled to leak out of the &ccording to the entry pressure
distributions modelled in the sealing rocks (engshales). Both, the trapped hydrocarbon
column heights and the seal permeabilities detegrtiia rates and areas of leakage from
traps. This PSA approach is well-suited to unréivelhydrocarbon leakage history off the
western Svalbard coast towards the Atlantic-Argateway region by placing constraints on
the timing of hydrocarbon generation and migrateswell as on the volume of leaked
hydrocarbons. We modeled two scenarios with diffegeialities and thicknesses of a known,
gas prone (kerogen type lll), Miocene source rdakeoved in ODP Hole 909C and inferred
to be deposited (attaining 70-130 m thickness)rpgadate Cenozoic (Plio-Pleistocene time)
prograding sequences on the western Svalbard mgigien and Hinz, 1993; Mattingsdal et

al., 2014).

2.2.1 Basin model setup

Our petroleum system model is built upon a sehpiit parameters, whose definitions are
outlined below and summarized in Tables 2 and &.Mbdel is simulated on grid cell sizes
of 50 m x 50 m. The vertical model resolution istB®n average, but changes in accordance
to the vertical lithological variability on sub-neetscale allowing a vertical model resolution
down to 10 m. This variable vertical resolutiomchieved through a definition of several

sub-layers in each stratigraphic unit.

2.2.2 Basin configuration
Three main horizons were interpreted in additiotheseafloor, on the 2D seismic profile
SV-3-97 based on correlation to ODP Hole 909C (EjgThese include: Top basement

(assigned age of 300 Ma to avoid impact on thenbasidelling), the 6.2 Ma regional
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biostratigraphic datum for the Nordic Seas and i&©cean (Matthiessen et al., 2009) and
the Matuyama/Gauss chron boundary (~2.6 Ma) (Keiesd., 2009; Mattingsdal et al., 2014).
The horizons were depth converted using the velqcifile for ODP Site 909 (Myhre et al.,

1995):

TVDHorizon = (TVVTHorizon)2 *0.00026 + TW_ﬂorizon *0.7+4.8 + TVQ:eabed(l)
and

TVDseabed: l470m/S * TW-Eeabed* 05 (2)

where TVDyorizoniS the true vertical depth below sea level, TWilon is the two-way travel
time of a given seismic reflector and TMEReds the true vertical depth of the seabed.
TWTseanedS the two-way travel time of the seabed reflecidre average deviation of the
depth-converted horizons from their correspondiet] tops in ODP Hole 909C is 22 m. The
seismic profile SV-3-97 is artificially broadeneg &dding grid nodes with identical
properties perpendicular to the line (artificiabéh is ~750 m) to create a pseudo 3D model
for better handling and visualization (Fig. 2). @aradditional layer-bounding horizons were
constructed using depth and thickness relatiormm fitee ODP Hole 909C stratigraphy. They
represent horizons "4-6" in Figure 2 and were assiqages to the model at 12.0 Ma, 15.2
Ma, and 17.4 Ma, respectively. Two intervals (IMd, 15.2 Ma) represent source rock units
in the model and correspond to organic-rich depagéntified in ODP Hole 909C (Fig. 2)
(Knies and Mann, 2002). A fourth horizon (horizaff th Figure 2), lithostratigraphically
unconstrained, was inserted at an isopach fraeti@5% of thickness below th& Gorizon.
This 7" horizon, with an assigned model age of 18.5 Mindsfa deeper, hypothetical source
rock, as inferred by Stein et al. (1995). As péthe basin configuration reconstruction, the

main interpreted faults on seismic profile SV-3v@&re included in the model (Fig. 2).
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2.2.3 Burial history

Burial history reconstruction was performed usirgaakstripping approach (Allen and Allen,
2005) with paleo-bathymetries inferred to follovepent-day marine trends, and water depths
to be about 50% of that of present-day. The lasterferred from a hiatus (sub-aerial
exposure) recorded in nearby ODP Site 908 betw@8rand ~6.7 Ma (Matthiessen, 2009)
and subtraction of the present-day water depth Sites 908 and 909, assuming constant
tectonically-induced subsidence. Thicknesses apthd® units over time are derived from
decompaction using the concept of Sclater and @ (E980). The permeabilities of the units
are calculated dynamically over time and range frmpermeable to 7000 mD. They are
based on the lithologies and porosity estimateas fitte decompaction calculation (Table 2).
Each interpreted and constructed depth horizongarg 2 has an assigned absolute age based
on the chrono- and litho-stratigraphic interpretatior ODP Hole 909C (Myhre et al., 1995;
Winkler et al., 2002; Wolf-Welling et al., 1996)hé@se ages are from bottom (horizon 8) to
top (horizon 1) ~300Ma (oceanic basement), 18.5Ma} Ma, 15.2 Ma, 12.1 Ma, 6.2 Ma,
2.58 Ma and present-day. Based on initial modes,ran significant hydrocarbon generation
is modelled before ~10 Ma. Additional model timepst are calculated using linearly
interpolated model parameters. Those additionad steps aid in a refined estimation of
hydrocarbon maturation, generation, migration &aatk&ge quantification. They have been
placed at 7.85 Ma, 4.39 Ma, 1.93 Ma, 1.29 Ma, 0@5and 0.02 Ma. Consequently, the
petroleum systems modelling is performed over tbfamodel time steps between 12.1 Ma

and present-day (Table 2).
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2.2.4 Lithological model

The vertical resolution of the model was fitteccapture the fluctuation of the sand-shale
ratios observed in ODP Sites 909 (Wolf-Welling let H996) and 986 (Bultt et al., 2000).
Depth, age, and lithology information from ODP HER6D (Butt et al., 2000; Knies et al.,
2009) are projected onto the model’s depth-ageioelat the Vestnesa Ridge. We expect that
Pleistocene, glacially-derived sediments therenaoee coarse-grained compared to pre-
glacial sediments (with age >2.7 Ma) and are coaigarwith the lithological composition of
ODP Hole 986D (Buitt et al., 2000). Consequentlydgtratigraphic information from ODP
Hole 909C (for stratigraphic ages from 17.4 Ma ® a) and the projected ODP Hole 986D
(for stratigraphic ages from 2.6 Ma to 0 Ma) weoenbined to populate the model with a
laterally invariant sand-shale-carbonate ratictification, between the top basement and the
seafloor reflectors. The entire lithological modestratified according to borehole

information and therefore accounts for verticalyaaging proportions of shale, sand and
carbonate (Table 2). Strata with low shale and Bmyid contents are characterized by higher
porosities and permeabilities compared to higheshahtent strata at a similar burial depth.
The former can be regarded as traditional caraadsgenerally act as conduits for fast, lateral

hydrocarbon migration.

2.2.5 Source rock quality and quantity model

Two source rock units were defined in accordandhb thie findings of two organically
enriched and thermally immature siliciclastic intds in ODP Hole 909C (Myhre et al.,
1995) (Table 3). The model for the source rockrirgebetween 17.4 Ma and 15.2 Ma
employs laterally variable total organic carbon (@)@nd hydrogen index (HI) values along

the profile as predicted by the organic faciesritistion model of Knies and Mann (2002)
(Fig. 3).
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Fig. 3: Source rock characteristics for middle Miocenpasits along seismic profile SV-3-
97. The two layers (numbered in Figure 3 as 5 gratéconstructed using depth and
thickness relations from the ODP Hole 909C strapyy and added to the model at 17.4 Ma
and 15.2 Ma (see main text for further explanadionstal organic carbon (TOC, in wt.%)
and Rock Eval Pyrolyses hydrogen index (HI, mgH@EY) in these two stratigraphic layers
at 17.4 and 15.2 Ma are derived from direct obgerna in ODP Hole 909C and laterally
modelled by applying the 2D organic facies modelioed in Knies and Mann (2002). Gray

intervals = no source rock information.

According to this model, TOC values range from @ wt% and HI values span between 20
and 230 mgHC/gTOC (Fig. 3). For the interval betw#b.2 Ma and 12.0 Ma, uniform values
for TOC of 1.0 wt% and HI of 50 mgHC/gTOC are usasipbserved in ODP Hole 909C
(Myhre et al., 1995). A third, conceptual Miocemeise rock unit was included below the
base of ODP Hole 909C (horizon "7" in Figure 2prder to imitate a potential source for the

14



migrated hydrocarbons encountered at the base &f e 909C (Stein et al., 1995).
Constant values for TOC of 2 wt%, HI of 100 mgHQT, and thickness of 50 m are
modelled underneath the Vestnesa Ridge, to théeast of the Molloy Transform Fault
(MTF) (Table 3). Type Ill kerogen kinetic schemesnii Behar et al. (1997) are used for the

maturation and generation modelling of all threerses (Table 3).

2.2.6 Thermal history model

Our thermal history model assumes the highest geoid gradients at the MTF location and
decreasing gradients away from the MTF in SW andiM&ctions (Vanneste et al., 2005).
Present-day geothermal gradients measured at tieStBs 908, 909, 910, and 912 range
between 55 °C/km and 88 °C/km (Stein et al., 199Bgse geothermal gradients were
projected onto the SV-3-97 profile to map theirtg@at along the profile (Fig. 4). A maximum
geothermal gradient of 150 °C/km is assumed até¢inére of the MTF, in accordance with
published inferences of Dumke et al. (2016), Hustbal. (2009), and (Smith et al., 2014).
Measured and assumed geothermal gradient valuesasestent with reported heat flow
values of Hustoft et al. (2009) and Smith et aD1#) west of Svalbard, considering thermal
conductivities of silt-shale lithologies. In thesa@nce of constraints on the thermal history, we
employ the present-day gradient setting for all eldidne-steps. Figure 4 shows the inferred
gradient distribution along strike of seismic pl@fV-3-97. A seabed temperature
distribution at present-day is plotted along thafipr and is based on temperature-depth
patterns observed along the western Svalbard mébgimke et al., 2016; Johnson et al.,
2015; Rajan et al., 2012; Smith et al., 2014) dgkoved values available in the World
Ocean Database (WOD, 2013). Due to the high geotieactivity at the MTF location, we
infer a slightly higher seafloor temperature th@&&C). This has, however, little effect on the

model. Furthermore, high sedimentation rates dupingcene/Pleistocene times at the
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Fig. 4 Geothermal gradient for sediment sequence alasmseprofile SV-3-97. Measured
gradients in ODP Sites 909 and 986 (55-88 °C/km)paojected onto SV-3-97. Highest
gradients are assumed to occur at the MTF withesatd max. 150 °C/km (Dumke et al.,

2016).

Vestnesa Ridge exerted a cooling effect in the uppdimentary layers (Plaza-Faverola et al.,
2017). The resultant transient changes in the thleragime challenge the assumption of a
constant geothermal gradient over time and, hengegct the correct approximation of the
timing of source rock maturation. To account fasthve use the equation of Palumbo et al.
(1999) to locally evaluate the thermal impact @& thpid sedimentation on the timing of the

source rock maturation.

2.2.7 Organic matter maturation
Vitrinite reflectance measurements within the seuacrk units (ODP Hole 909C) range from

0.4%Ro (12.0 Ma) to 0.5%Ro0 (17.4 Ma) and indicaténamature to marginally mature
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thermal status of the units (Knies and Mann, 2002)y. thermal and burial history model at
the borehole location fits these measurements &pplying the vitrinite model of Burnham

and Sweeney (1989a, 1989b) (Fig. 5).

EEDP 909|

AP J

Vitrinite
%Ro
1.4

12
1.0
0.8

0.6

0.4
0.2

Fig. 5Modelled vitrinite reflectance maturities of thaddle Miocene source rock for three
time steps during the middle Miocene directly ia thcinity of ODP Hole 909C (top: 12.0
Ma, centre: 15.2 Ma, base: 17.4 Ma). Superimposethe vitrinite reflectance measurements

within ODP Hole 909C (colored circles).
17



Hydrocarbon saturations of less than 5 ppm arerdecowithin the two source rock units
between 12 and 17.4 Ma (horizons "4-6" in FigurenZ2pDP Hole 909C (Myhre et al., 1995;
Stein et al., 1995), while a significant increaseq 10 fold) of hydrocarbon saturation occurs
at the base of the borehole. These hydrocarboreotrations led to the inference that, based
on the low maturity state of those source rockgyration from a deeper allochthonous gas
source must account for the high hydrocarbon canagons at the base of Hole 909C (Stein
et al., 1995). In our model, this is representedheythird conceptual Miocene source rock
(horizon "7" in Figure 2). For the modelled sourcek maturation, our generation model
estimates a bulk hydrocarbon concentration oftless 2ppm for the lower source rock unit
(horizon “6” with an age of ~17.4 Ma), and thus, wker a good model calibration at the
location of ODP Hole 909C for both the thermal &ndal history as well as the hydrocarbon

generation model.

3. Chronology and basin evolution

The chronostratigraphic framework in Hole 909C aadies the recovery of a complete Middle
Miocene sequence, with the age model revealingiabla sedimentation rate (3-15 cm/kyr)
(Wolf-Welling et al., 1996). Central for the moded} are paleomagnetic and biostratigraphic
ages at ~2.6 Ma (181.8 mbsf, Matuyama/Gauss chovondary) and ~6.2 Ma (657 mbsf, last
appearance of acritaréecahedrellla martinheadiilMatthiessen et al., 2009). These
chronostratigraphic horizons are correlated adtosgastern Fram Strait with high-resolution
2D seismic data (Fig. 2). The organic-rich rockthatbase of ODP Hole 909C were likely
deposited prior to 15 Ma (Knies and Mann, 2002)si8& interpretation of the seafloor and
top oceanic basement complete the configuratiaghebasin (Fig. 2). The basin evolved
during the opening of the Fram Strait in the e@ligocene (33 Ma) and the subsequent

development of the ultraslow-ocean-spreading Mo#logt Knipovich ridges. Both ridges are
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offset by the Molloy Transform Fault (Fig. 1). Frahe opening of the Atlantic-Arctic
gateway (~17 Ma) (Jakobsson et al., 2007) to ~2a7the basin was filled with fine-grained
sediment drift deposits (silty-clay); since 2.7 Mdarger component of glacially-derived
sands (30-74 % portion) filled the basin (Buttlet2000; Knies et al., 2009). These
sedimentary sequences are incorporated in the mddelelled geothermal gradients are kept
constant throughout the evolutionary phase of #serb(Fig. 4) with highest values of 150°C
near the MTF, and lowest values of ~50°C on thenésa Ridge in the east and around ODP
Site 909 in the west. This leads to higher matuewels (oil window at ~0.5 vitrinite
reflectance) of organic-rich deposits near the Nddation and towards the Svalbard
Platform as rapid burial due to higher sedimentataies took place (Fig. 4). Indeed, the
deepwater hydrated sediments at the Vestnesa RidgH)0-km-long and 50-km-wide, at
least 17 Ma old sediment drift (Mattingsdal et 20114), are located on hot (100-150 mW m
%) (Crane et al., 1991) and young (<20 Ma) oceanistcreated at the Molloy Ridge (Fig. 1)
(Engen et al., 2008). These sediments comprisetiaame reservoir of 0.5-0.9 Gt (Hustoft et
al., 2009). Charged by a mix of shallow biogenid deeper thermogenic gas sources, free
gas bypasses the gas hydrate stability zone (GWM&4)ear-vertical faults and fractures
(Plaza-Faverola et al., 2015) and contributesegtiesently active seepage system on the
ridge (Bunz et al., 2012; Plaza-Faverola et all,722Gmith et al., 2014). Although the rates of
gas flux are still unconstrained, observations Imgardicate methane concentration in bottom
waters exceeding 100 nM (Steinle et al., 2015)a&ndixed origin (microbial/thermogenic)
(Knies et al., 2004; Sahling et al., 2014). Seditagon rates inferred from borehole data
(ODP Sites 909 and 986) are an order of magnitigleehalong the western Svalbard margin

compared to the deep basins in the central Fraait $tmies et al., 2009).
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4. Results
4.1 Maturation and migration history of thermogenic gas sources in the eastern Fram

Strait

Modelling results corroborate empirical observasig@tein et al., 1995) that the main
Miocene source rock in ODP Site 909 is thermallynature for hydrocarbon generation.
Vitrinite reflectance maturities within the soumoek intervals vary between 0.4 and 0.5 (Fig.
5) implying that the gas-window has not been reddbethe identified Miocene source rock
in the southwestern part of the basin around O 3I9 (Stein et al., 1995). Instead, the
prime generation area with continuous source matur# northeast of the MTF with a
present maximum burial depth of 4.3 to 4.8 km betea level and high geothermal gradients
between 100 and 130°C/km (Crane et al., 1991; Dwehké, 2016). Our modelling suggests
that hydrocarbon generation and migration startethd the late Miocene (~6.3 Ma) because
of the presumed high heat flow near the MTF (todiayo 155 mW i) (Crane et al., 1991)
(Fig. 6). Downslope of Vestnesa Ridge, in areah wie highest Cenozoic sedimentation
rates, the transient cooling effect of rapid seditagon (Palumbo et al., 1999) delays the
source rock maturation by ~2 Ma. From the modeNimginfer an onset for hydrocarbon
generation and migration there between ~6.3 Ma~dnlilla. Subsequently, the source rock
maturation and hydrocarbon generation front pragreésiortheastwards towards the Vestnesa

Ridge (Fig. 6) because of progressive burial tonthreheast of the MTF.
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Fig. 6 Timing of hydrocarbon generation along part ofams$ect SV-3-97 east of Molloy
Transform Fault (MTF) towards the western Svalbaedgin (see rectangle on seismic line
for exact location of the generation and migratiowdel). Different color coding indicates
various time periods (in Ma) of hydrocarbon gerierawithin the source rock layers. Note
the onset of hydrocarbon generation from Middle &éiwe source rock close to MTF at ~6.3

Ma. The stratigraphy, numbered 1-8 is detailedigufe 2.
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The timing for hydrocarbon generation in our stddfers from the ages given by Dumke et
al. (2016) of 14-10 Ma. This is most likely due ¢a) the improved chrono- and litho-
stratigraphic framework, as well as organic fagesliction model of the current study
applied to the hydrocarbon potential of the Mioceaerce rock, and (b) the absence of an
inferred Eocene source rock in the Fram Straibmii@ast to the findings from central Arctic
Ocean (Lomonossov Ridge) (Mann et al., 2009; Steal., 2006). The latter is rather
controversial since industry wells from the westBanents Sea do not show any evidence for
Eocene source rocks in the study region (Rysedh ,2003). However, we cannot rule out
the possibility that organic-rich (TOC >2 %) sedimtgerecorded in the Central Basin on
Spitsbergen during the Paleocene-Eocene ThermainMiax (PETM) (Dypvik et al., 2011;
Riber, 2009) are more widespread, and could hamtibated to the expulsion of
hydrocarbons upon maturation at an earlier stage titne modelling results indicates. Based
on the available observational constraints in thetié-Atlantic gateway, the migration model
suggests that, since the late Miocene (~6.3 Malyceorock maturation and eventually
hydrocarbon generation occurred progressively yasénd accelerated further after the
intensification of the Northern Hemisphere glacatat ~2.7 Ma due to higher sedimentation

rates (Mattingsdal et al., 2014) and rapid bufféd(6).

By modelling the hydrocarbon flow in the two latéste steps (2.0 Ma, 0 Ma) (Figs. 7A, B),
we show that lateral and eventually vertical migrrais largely dependent on stratigraphic
and lithological factors (i.e. permeability), aslM&s basin topography. Lithological units
with low shale content act as conduits permittetgdal hydrocarbon migration from the site
of generation (near the MTF) upslope to the Vestritidge. There, traps are filled and
vertically leak gaseous hydrocarbons into shallosteatigraphic levels and towards the sea

floor.
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Fig. 7 Modelling of hydrocarbon migration through: (A) dtiene-early Pleistocene sediment
sequence at ~2.0 Ma charged by Miocene source(8Rkof 70 m thickness. (B) at present-
day. Note the northeastward migration towards ehadt shelf setting. (C) Miocene-early
Pleistocene sediment sequence at ~2.0 Ma chargktidogne source rock of 130 m
thickness. Note the migration of hydrocarbon upsltgwards the position of the projected
gas flares off Prins Karls Forland (PKF). VestnBs#ge (VR) seep site and projected
position of ODP Site 986 are shown on each figlihe stratigraphy, numbered 1-3 is

detailed in Figure 2.

Initial hydrocarbon migration model testing to agobfor the identified larger (open) faults
as potential pathways (Fig. 2), indicates no sigaift effect on vertical migration of
hydrocarbons from primary generation areas to shvallepths. This insensitivity is related to

the high permeability values of the sedimentarykpges. Permeabilities of up to 7000 mD in
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these lithological units facilitates a rapid veationigration and leakage towards the seafloor.
Highest permeabilities are encountered in sand dat®ed lithologies at shallow burial depths
in the model. However, final migration pathways &ods the seabed and, consequently the
seepage dynamics at the seafloor are certainlyalted by the interconnected fault pattern in
shallower strata (Plaza-Faverola et al., 2015;dFaverola et al., 2017). A detailed fault
modelling setup is required to follow the verticaigration pattern towards the seafloor. This
is currently beyond the scope of our model, antitvdrefore be elaborated in a follow-up

study.

Our modelling results indicate that around 2 Mangrily gaseous hydrocarbons entered, the
~2 km-thick sedimentary package of late MiocenasRleene age below the proto-Vestnesa
Ridge by vertical and buoyancy-driven migrationg(HA). Within these sandy, more porous
strata, migration continued up-dip along the strateards the crest of the Vestnesa Ridge and
formed local gas accumulations. Eventually hydrboas trapped at the crest of the ridge
leaked to the paleo-seafloor where clusters of pracks with currently active seepage have
been documented (Fig. 7B) (Blinz et al., 2012). Tgdrocarbon migration-leakage history,
which is largely controlled by the structural capiiation below the Vestnesa Ridge, does not
significantly change if considering an inferred peeesource rock (Fig. 7C) (Stein et al.,
1995). However, a thicker (~130 m thickness), dmn tmore prolific source rock along the
entire transect (label "7" in Figure 2) yields: éb) increased bulk amount of hydrocarbons,
(2) hydrocarbons charged into middle Miocene agelggporous strata by 2 Ma, and (3)
facilitates migration, with trapping and leakagetheast of the Vestnesa Ridge, closer to the
Svalbard coastline (Fig. 7C). The larger volumebyafrocarbons added to the system cause
higher pore space saturation and migration eff@yeand thus facilitate a much longer

eastward migration distance.
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5. Discussion

5.1 A long-term source of thermogenic gas to sustagas hydrate and seepage along the

Vestnesa Ridge

The final opening of the Fram Strait during the Iktiocene (Jakobsson et al., 2007; Knies et
al., 2014) resulted in the development of a >2 kitktsediment accumulation at the
Vestnesa Ridge, as a consequence of extensive oggant exchange between the Arctic
and the North Atlantic (Vogt et al., 1994). Mattsuigl et al. (2014) showed that the
depositional environment in the region was domitdutg contourites, sourced primarily by
the northward flowing West Spitsbergen Currentadiition, products of erosional processes
on the emerged Svalbard Platform and the Barer@sv@ee transported in the adjacent
sediment cascade system (Hjelstuen et al., 199@&skand Gaina, 2008). This included high
amounts of organic assemblages (pollen, sporest giédoris) of fresh terrigenous origin
(Boulter and Manum, 1996; Poulsen et al., 1996thWie ongoing deepening and widening
of the basin, subsidence and burial of the sedisneneiated a prolific Tertiary petroleum
system, with terrigenous-derived, organic-rich, td&dMiocene deposits as the main source
rock (Knies and Mann, 2002). Initial hydrocarbomeeation at ~6.3 million years ago as
documented in Figure 7 was a consequence of tlnehagt flow near the MTF at 2.2 km
burial depth. The timing of initial hydrocarbon geation is significantly younger (by 6 to 8
million years) than previously reported in the dogeDumke et al. (2016). Based on available
heat flow measurements in the study area (Craak, di991; Dumke et al., 2016), constant
geothermal gradients from the center of the MTRO(2G/km) towards the basin margins (50-
80°C/km) were used throughout the entire modeilmegrval. This resulted in the onset of
hydrocarbon formation to the east of the MTF duftatg Miocene. The catagenesis of these

organic-rich deposits at the MTF (Fig. 8) resulitetiydrocarbon generation and migration,
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and thus the necessary prerequisite for thermoggs hydrate formation (Panieri et al.,

2017; Smith et al., 2014).

W E

|Diagenesis | | Metagenesis | | Catagenesis | | Diagenesis |

0 Ice

| Diagenesis | |Catagenesis| | Diagenesis |

Fig. 8 Schematic illustration for modeled hydrocarbonegation and migration history along
the western Svalbard margin. (A) Deposition andabaf Miocene source rocks (>15 Ma)
and initial hydrocarbon generation near the Molloginsform Fault (MTF) around 6 Ma. The
inferred source rocks are still too immature (Viiie Reflectance Ro <0.5) and geothermal
gradients (G) too low (~80°C/km) to initiate hydaolbon generation west and east of the
MTF. Due to elevated geothermal gradients (~15@r#Chear the MTF, organic matter is
slightly more mature (Ro >0.5) resulting in inittafmation of hydrocarbons. (B) With the
intensification of Northern Hemisphere glaciatiei2 (/ Ma) and associated high
sedimentation rates and rapid burial, further hgdrbon generation upslope and vertical

26



migration of hydrocarbons towards the seabed wéSwvalbard occurred since 2 Ma.
Organic matter near the MTF is overmature for hgdrbon generation. Patchy BSR east of
MTF is likely the result of less generation andstihess vertical migration of hydrocarbons in
the deeper part of the continental slope due tagegtesis. Note the low maturity throughout
the sequence at the location of ODP Site 909. Vé&tivesa Rige, PKF: Prins Karls Forland,
BSR: Bottom Simulating Reflector, MTF: Molloy Trdosm Fault, GHSZ: Gas hydrate
stability zone. Numbers in white rectangle areae$ in millions of years. Vertical scale for
paleo-bathymetry on the left is in meters. Vertigdhblogical thickness below seafloor is not

to scale.

Through lateral and vertical migration of gaseoydrbcarbons from their kitchen near the
MTF, free (thermogenic) gas reached the sub- seladleav the Vestnesa Ridge for the first
time ~2 Ma ago. This implies that the gas hydrgstesn offshore Svalbard was formed
coincidentally with the intensification of the Slatd/Barents Sea continental-shelf-edge
glaciations (Mattingsdal et al., 2014) and corraibes recent inferences on multiple seepage
events on Vestnesa Ridge over the last 2.7 Ma dHaxerola et al., 2015). It also supports
the timing (~2 Ma) of gas-charged sediment drifbfation south of Molloy Ridge (Johnson
et al., 2015). Furthermore, it provides a maximumetestimate for the onset of methane
release from the seabed into the ocean (Fig. &8hdihsense, the presence of gas hydrates in

the region is more a consequence rather than & cddisiid migration and seepage.

5.2 Implications for explaining seepage regionallgffshore western Svalbard

With increased sedimentation rates and rapid baftat the intensification of Northern
Hemisphere glaciation at 2.7 Ma, key zones gemayaind expelling hydrocarbons advanced
eastwards (Fig. 8), coinciding with the northwardjgected location of an active seabed gas

expulsion system of thermogenic origin off westerms Karls Forland (PKF) (Berndt et al.,
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2014; Knies et al., 2004; Mau et al., 2017; Portabal., 2016; Westbrook et al., 2009). The
region also crosses the prolongation of the Hordgault zone, a NW-SE striking regional
fault system on the western Svalbard shelf (Faletdd., 1996; Mau et al., 2017). This fault
system may be a natural migration pathway allovtimeggaseous hydrocarbons of
thermogenic origin to bypass potential gas hydeaters in the sediments. By increasing the
source rock thickness in the model by 50 m to acoodate the inferred deeper source rock
below the base of ODP Hole 909C (Stein et al., 1,998 modelled active petroleum system
could feed the free gas/hydrate formation upsléjgs( 7C, 8) where gas flares occur at the
landward termination of the gas hydrate stabildpe (Westbrook et al., 2009). Our model
results suggests that methane seepage off westalioa®d likely began millions of years
earlier than inferred by U-Th dating of methanendst authigenic carbonates (MDAC) in the
PKF region (Berndt et al., 2014). The latter isganped by the discovery of methane-derived
authigenic carbonates (6 and 20 m below seafloah)e study region in 6 and 20 m depth
below seafloor (Bohrmann et al., 2017) suggestpigaglic seepage event at least prior to the
last glacial period (Panieri et al., 2016; SztyAnd Rasmussen, 2017). Furthermore, from the
modeling results we infer that active leakage heenlsustained by deeply buried source
rocks prone to hydrocarbon generation driven bgralgnation of rapid burial and high heat
flow. The ongoing structurally controlled migratiohhydrocarbons from the active
petroleum system buried deeply at the VestnesaeRhdgin have driven and sustained
seafloor seepage across the western Svalbard nwagirthe last 2 Ma. The arrival of large
amounts of thermogenic gas to the near-surfacesertete locations determined by the basin
structure and migration pathways predicted by oodeh adequately explains the restricted
character of seepage to this region as observey (&linz et al., 2012). The retreat of the ice
sheet and the regional stress regime are the memal mechanisms controlling seepage at

these currently active cold seep sites (e.g. Porttal., 2016; Plaza-Faverola et al., 2015).
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5.3 Implications for estimating gas fluxes to theaean

Analogous to venting gas through the GHSZ in subsarpetroleum systems of the Gulf of
Mexico (Sassen et al., 2001), our results implyreng link between the underlying,
thermogenic petroleum system and the present-dgy/g&s hydrate activity. Estimates of
hydrocarbon flow to the seabed over the last 2 Afges from 0.4 to 4 1on® (0.55 to 5.5
mS/day), which is equivalent to 0.45 to 4.5 nMol/bfile 4). For an assumed leakage site of
50 m x 50 m, the modelled leakage rates to thdamafanslate into average methane flux
rates of 0.58 to 5.76 kg/mper year. This coincides well with inferred methdlux rates of

0.96 kg/nf to enable methane bypassing the GHSZ via chiminesandy-silty lithologies
comparable to those identified off western Svall{&utt et al., 2000; Liu and Flemings,
2007). Potential addition from abiotic methane gatesl from serpentinized ultramafic rocks
as proposed for the central/southern Knipovich RifRRgjan et al., 2012) and along large
detachment faults south of the MTF (Johnson eR@ll)), is not very likely beneath Vestnesa
Ridge due to: (a) the configuration of the recamdtd basin where sedimentary units pinch-
out towards the MTF (Fig. 2), which excludes migmatof any potential abiotic methane
towards Vestnesa Ridge, (b) isotopic evidence istvesa Ridge gas hydrate samples
showing no evidence for methane produced by samead ultramafic rocks (Panieri et al.,
2017; Plaza-Faverola et al., 2017; Smith et all420and (c) the inferred age and temperature
of oceanic crust beneath Vestnesa likely incompmtilith recent abiotic methanogenesis

(Johnson et al., 2015; Dumke et al., 2016).

Given the present-day subsidence and burial r&asthe MTF location with constant high
heat flow (~150 °C) and modeled vitrinite refleaarof >1.5%Ro (Fig. 8), a critical state of
source rock maturation (metagenesis) for gas drfdraaation has been reached northeast of
the MTF. This potentially explains the low volumiehgydrocarbons currently generated and

migrated west of Vestnesa Ridge and downslope {By. In contrast, potential Middle
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Miocene source rocks deposited further upslopeoanthe shelf region have just reached the
oil/gas generation window (catagenesis) (Fig. 8)sTmplies a shorter geological lifetime of
the petroleum system for hydrocarbon generatidghemdeeper part of the continental slope
compared to the shelf region (e.g. around PKF)s Timy explain the strong variability of gas
expulsion at the seabed on Vestnesa Ridge (Blaiz, @012) compared to the more active
cold-seep system further upslope off PKF (350-408abhaths) (Mau et al., 2017; Sahling et
al., 2014; Steinle et al., 2015; Westbrook et24(9). It may also explain the inconsistency of
the BSR downslope (Hustoft et al., 2009) becaudevohydrocarbon generation potential of
the overmature source rock in the basin centerytadd thus less vertical hydrocarbon flow

to the seafloor (Fig. 8).

6. Conclusions

For one of the most active, submarine cold seeggsgsin the Arctic, we implemented a
basin modelling approach to constrain the timinghefmogenic gas generation and
migration from deep operating petroleum systentheéayas hydrate and associated seepage
system on Vestnesa Ridge, offshore western Sval@andmodelling results lead to the

following main conclusions:

* The petroleum system below the cold-seep systemwedtern Svalbard down to
~2000 m water depth has been active for the lashit®n years and frequently
charged the seafloor with migrating hydrocarbonsniflon years later until today.

* The heterogeneity and variable burial depth ofpibtential Middle Miocene source
rocks are the main controls on this operating petira system. The structurally
controlled accumulation and migration history aértinogenic gas in shallow strata

has sustained seepage in regions influenced bshieet dynamics and tectonic stress.
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A thermogenic source rock between the west-SvalSlaetf break and the mid-ocean
ridges may have provided the necessary gas tosgstepage at Vestnesa Ridge, and
probably off the coast of Prins Karl Forland sitize intensification of Northern
Hemisphere glaciations, ~2.7 Ma.

Independent of past warm-cold climate cycles dutiegPleistocene, the hydrate
system off western Svalbard has been continuouglgd by deeply buried terrestrial
carbon, implying that recent gas hydrate instaegdiaire superimposed effects on long-

term natural leakages.
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Table 1: Applied Ocean Drilling Program (ODP) borehole imf@tion for the basin

modelling
Borehole Longitude Latidude Water Depth
ODP 910A 80°15.882 N| 6°35.405 E 556.4 m
ODP 911A 80°28.466 N] 8°13.640 E 901.6 m
ODP 912A 79°57.557 N| 5°27.360 E 1036.8 m
ODP 909C 78°35.096 N] 3°4.222 E 2519 m
ODP 908A 78°23.112 N| 1°21.637 E 1273.6 m
ODP 986C 77°20.431 N| 9°04.664 E 2051.5m
ODP 986D 77°20.408 N] 9°04.654 E 20515 m

Table 2: Basin modelling input parameters

Parameter / variable Units or dependance Physical meaning Reference
50m x 50 m Arearepresented by a grid cell
Spatial resolution
10 - 30 M Ngypiayer-dependent Height of a grid cell
Total 8 Number of depth horizons used
N 4from seismicinterpretation to construct the model layers
horizon
4 constructed from seismic horizon- and
well-data
2-55 Number of discrete lithological
N sublayer layer thickness and lithological variation L
subunits in a model layer
dependent
10
N time Number of model time steps

between 12.1 Ma and 0 Ma

Hushoft et. al, 2009,
Johnson et al., 2014,
Smith et al., 2014, Stein et

55-150°Ckm™*
dT/dz Geothermal gradient
location-dependent along the profil

al., 1995
Fraction of shale, carbonate and
Vi, Vear Vs 0-1 sand
Ve + Ve + V=1
0.09-0.59 Porosity fraction
¢ lithology- and depth-dependent (minimum value range for all cells)
K 10”-7:10°mD Permeability

lithology- and depth-dependent

102- 1.7-10° MPa Capillary pressure

hydrocarbon phase- and K-dependent (maximum value range for all cells)
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Table 3: Input model parameters for 3 source rock units

Parameter / variable

I Units or dependance

Physical meaning

Reference

Source rock unit | age: 17.4 - 15.2 Ma

TOG, [1]

Up to 5 wt%,

Total organic carbon in the source |

prior to thermal alteration

Knies and Mann, 2002
Stein et al., 1995

Hlo [1]

20- 230 mgHC gTOC™"

Initial hydrogen index of kerogen in
source | prior to thermal alteration

Knies and Mann, 2002
Stein et al., 1995

Thickness [1]

Upto223m

Effective thickness of source |

Knies and Mann, 2002
Stein et al., 1995

Source rock unit Il —age: 15.2 - 12.0 Ma

Total organic carbon in the source Il

prior to thermal alteration

Stein et al., 1995

Initial hydrogen index of kerogen in
source Il prior to thermal alteration

Stein etal., 1995

Effective thickness of source Il

Stein et al., 1995

Total organic carbon in the source IlI

prior to thermal alteration

Initial hydrogen index of kerogen in
source lll prior to thermal alteration

TOG, [11] 1wt%,
Hio [11] 50 mgHC gTOC™
Thickness [II] Up to 155 m
Source rock unit Ill - 18.5 Ma; Vestnesa Ridge only
TOG, [1I1] 2 wt%,
Hio [111] 100 mgHC gToC™
Thickness [Ill] 50m

Effective thickness of source IlI

Source rock characterization

kerogen type I, 11, 111]

Terrigenous, type Il

Kerogen type of organic matter

Stein etal., 1995

kinetic scheme [1, II, 111]

Behar type llI

Kinetic scheme for the kerogen
to hydrocarbon transformation

for all source rocks I, II, Il

Beharetal., 1987

Table 4: Properties for methane flux estimates

Parameter / variable Units or dependance Physical meaning Reference
Methane properties
M methane 16.04g mol™ Molar mass of methane
Density of methane GESTIS database
P methane 0.72kgm” http://gestis-
at 0 °Cand 1013HPa en.itrust.de
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Highlights:

* The modelling results of this manuscript confirms that one of the most
dynamic methane hydrate systems in the Arctic was active during the past 2
million years, which is orders of magnitude older than presently known.
Hydrocarbons from a Middle Miocene source rock interval have been
generated continuously over the past ca. 6 million years.

* Independent from warm and cold climate cycles, the hydrate system off
western Svalbard has been continuously fuelled by deeply buried biotic
carbon implying that eventually recently reported instabilities of gas hydrate
stability zones in this area due to global warming are superimposed effects

on long-term natural leakages.



