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Abstract :

Marine sediments near continental margins contain sedimentary organic matter (SOM) which is subject
to the metabolic activity of micro-organisms during early diagenesis resulting in production of biogenic
methane. This process occurs at microscopic scale and anaerobic conditions. Here, we apply a new
numerical approach to simulate biogenic methane production offshore Aquitaine (Bay of Biscay) where
gas seeps have been recently observed as the result of microbial activity. This new approach accounts
for: (1) degradation of a labile-SOM fraction to methane, (2) first order kinetics of the thermal degradation
of a thermo-labile-SOM fraction into labile fraction at greater burial and (3) decrease of SOM reactivity
with time. First, the organic matter is characterized through pyrolysis using Rock-Eval performed on
cuttings collected from two wells located within the methane seepage area. The microbial system is fed
from a type Il continental-derived SOM which is immature (average Tmax < 425°C). The basin model is
built and calibrated on seismic and well data. It accounts for the consumption of methane required to
precipitate methane-derived authigenic carbonates which are found widely distributed on the seafloor as
the result of the anaerobic oxidation of methane during upward migration. A sensitivity analysis is
performed on the main model input parameters to quantify their impact on the biogenic gas production
and expulsion/migration processes. Results led to a reference scenario for microbial gas production in
offshore Aquitaine. With this model the generated methane is predominantly dissolved in water and
transported by advective processes. Migration is mainly vertical from the source rock layers to the seafloor
and controlled by sediment porosity and strata geometry. Modelling can reproduce natural processes
such as gas migration at emission points (gas seeps) which have been previously mapped in the offshore
Aquitaine Basin. Our results suggest that the biogenic methane is sourced by a present-day active system
with a mean flow rate of 27 Mg/y which is relatively lower than flux modelled during the early Pleistocene
reaching up to 41 Mgly. Calculated total methane lost to the seafloor along the Aquitaine Shelf is in
accordance with methane flow rate estimated from in situ measurements and acoustic signatures of
bubbling sites, and ranges between 0.87 Tcf/My and 1.48 Tcf/My. Here we propose a new workflow to
assess and predict biogenic gas occurrences in offshore environment at the basin scale where gas is
sourced by recent continental-derived organic matter. This new approach can help to better assess the
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total biogenic methane budget emitted naturally in the shelf area of oceans that may reach the atmosphere
with a negative impact on climate and environment.

Highlights

» Innovative 3D basin modelling approach to quantify the budget of biogenic methane in continental shelf
areas and calibrated to sea floor emissions » Sensitivity analysis to determine impact of main parameters
on biogenic gas generation and expulsion/migration processes in offshore Aquitaine » Quantification of
methane consumed and stored in authigenic carbonates as function of efficiency of AOM (Anaerobic
Oxidation of Methane) » Methane migration is diffuse and mainly vertical from the source rock layers to
the seafloor dissolved in pore water B Biogenic methane is sourced by an active system with a maximum
flow rate modelled during the early Pleistocene

Keywords : Biogenic Methane, Basin Modelling, Methane-Derived Authigenic Carbonates (MDAC),
Anaerobic Oxidation of Methane (AOM), Sensitivity Analysis, Sedimentary Organic Matter (SOM),
Aquitaine Shelf
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1. INTRODUCTION

Over the last few decades, natural gas has receigeghsing attention concerning its applicatioraas
major and cleaner energy source compared withamalliquid fossil fuel (Rice and Claypool 1981,
Rice 1992, 1993; Whiticar 1994; Kvenvolden 1993;t2011). It is estimated that the annual
methane emission from geo-sources only (onshorevalodnoes, onshore gas-oil seep, submarine
seepage, micro-seepage, geothermal-volcanic mtatitess) directly in the atmosphere yields
between 27 — 63 Megatons (Etiope and Schwietzk&9)20vith a negative impact on the global
climate (IPCC, 2013; Khalil et al. 1993; Judd et 2002; Dickens 2004). Even though several
estimates have been published over the past yidaradfius et al. 1999; Judd et al. 2002; Judd .et al
2004; Kvenvolden et al. 2001; Etiope et al. 2008yfe and Klusman 2010) our understanding of the
methane budget is still uncertain (Etiope and Klaisr2002; Saunois et al. 2016; Schwietzke et al.
2016; Etiope and Schwietzke 2019) especially cariagrthe potential of natural methane sources
from sedimentary basins resulting from microbiativaty and/or thermal cracking of buried
sedimentary organic matter (Klusman et al. 200@pgt and Klusman 2002). It is well accepted that
fluid emanations through the ocean floor are ongoprocesses represented by characteristic
geological features that are widely distributechglmear-shore, continental slope and in deep ocean.
They include shallow gas accumulations, pockmasegps, mud-volcanoes, authigenic carbonate
precipitations and gas hydrates (Jensen 1992; Rénadr 2012; Skarke et al. 2014; Dupré et al. 2007
Pierre et al. 2017; Hovland et al. 2002; Judd .2@02).

Methane generation is the result of Sedimentana@iggMatter (SOM) degradation which takes place
at different diagenesis stages (Whiticar et al.61%8oodgate and Judd 1992; Whiticar 1999; Schulz
and Zabel 2006). In addition to the degradatiorc@se of SOM, methane production is controlled by
other factors such as temperature, primary prodtgtisedimentation rate (Clayton 1992; Judd et al.
2002) and the microorganisms mediating the rea¢imetius et al. 2000). Biogenic systems can be
sourced by poorly-OM layers (TOC < 0.5%) (Clayta®92). This process is usually observed in
deltas where large amounts of sediment are degddsita short time, containing low continental-OM

dispersed in sediments such as the Amazon DeltaC(T00.8%) (Arning et al. 2013) or in the
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Japanese Pleistocene turbitic sequences of theredsankai Trough (TOCI 0.5%) (Fuijii et al.
2016). Methanogenesis in low organic matter sedimisnalso observed in the Great Australian Bight
(TOC < 0.4%) (Mitterer 2010) and in the WoodlarksBa(TOC < 0.4%) (Wellsbury et al. 2002).
Therefore, a better understanding of the microfpga generation process at a large scale is negessar
to identify the distribution of methane in the sutface. In addition, quantifications of natural
methane sources and sinks, both at the presenartthyn the geological past, are of interest to the
scientific community working on present and futwgiebal climate change (Regnier et al. 2011,
Saunois et al. 2016).

Numerical modelling is a way to study the interaies of the various geological processes leading to
biogenic gas generation, accumulation and migra®these interactions cannot be reproduced in the
laboratory given the large spatial dimensions dmel dslow natural reaction and migration rates.
Modelling can be used to critically evaluate angcdss the significance and the role of the main
parameters that lead to biogenic gas accumulatidiosvever, it is a challenge to integrate the
microscopic processes of methane production athbid&n scale. In this paper, we present a
guantitative model of the total methane volume gateel from microbial activity and emitted offshore
Aquitaine (Bay of Biscay, SW France) that is coneglawith an estimation of emitted methane based
on both in situ measurements and acoustic recdra$eav thousand bubbling sites (Dupré et al. 2020)
(Fig. 1). Our approach consists in simulating tiemgénic gas generation and migration with a 3D
basin model of the study area using a recent nealeiinplementation for microbial processes
modified after Pujol et al. (2016).

For biogenic gas generation, our model considexsttte initial Total Organic Carbon (TOC) can be
partitioned into three different fractions (Fig- 2) labile fraction called TOClab is composed bg th
OM that is sensitive to biodegradation from theibeipg of deposition (Wallman et al. 2006). A
thermo-labile fraction called TOCzlab is composgdhe OM that is less reactive and therefore can
be preserved in the mineral matrix (Burdige e@D7, 2011). The third bio-refractory fraction edlll
TOChbio-ref represents the part of the OM which datel converted to hydrocarbons by thermal
cracking when the temperature increases above &Bf€ 2). In our model, this temperature
corresponds also to the pasteurization temperatuttee micro-organisms (Rice and Claypool 1981;
Clayton 1992). Average percentage of TOCbio-readiiv a typical Type Il marine OM are: TOClab
= 30-40% (Burdige 2007; Wallmann et al. 2006) an®Cklab = 8-15% (Burdige 2011).
Unfortunately, such fractions have not been desdrifor continent-derived terrestrial type 111-OM
such as found in the Offshore Aquitaine (Michel 201t is well known that terrestrial organic matte
is mainly composed by higher plants characterizgdldwer hydrogen and higher oxygenated
functional groups contents than marine OM (Burdit§d1; Kamga 2016). When entering in the
marine environment, the terrestrial OM is probablyeady highly altered (Zonneveld et al., 2010).

Then, the degradation of OM is followed by an etiolu of its molecular composition and its
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association with the mineral matrix, which tendsdods an increasingly refractory nature. As a tesul
type-lll OM dispersed in sediments is less reactimd more thermally-resistant than type Il organic
matter specially at low temperature (Cowie et &92; Burdige 2007, Kamga 2016). Here, we
described the OM based on data available in thratiire concerning the geochemical characterization
and degradation rate of recent continental-OM (@ostial. 1992; Martens and Canuel 1996; Hedges
and Oades 1997; Burdige 2007, 2011). However, thetibn of the terrestrial organic carbon

preserved in marine sediments is still poorly camsed.

The offshore Aquitaine is a unique case study asn@thane is purely of microbial origin and not
related to a thermogenic petroleum system or gdsalgs, (2) there is evidence of persisting methane
circulation over time in the form of Methane-DevAuthigenic Carbonates (MDAC) pavements and
(3) the quantity of released methane along thef sitethe present day is rather widespread and
important (144 Mgly) (Dupré et al. 2014; 2020; Riest al. 2017; Ruffine et al. 2017). In this study
we build a 3D sedimentary model of the offshore ikgjoe that includes a lithospheric model
allowing to account for the thermal history of thesin. The model is calibrated with eleven welk th
are regionally distributed over the study area.(Blg It also takes into account the MDAC deposits.
However, as mentioned above, some parametersdéetatiogenic gas generation are still uncertain.
Thus, we performed a sensitivity analysis to sttlty impact of these parameters on biogenic gas
generation. More precisely, we sampled the paramstace and simulated gas generation and
migration for the corresponding set of models tbnegte sensitivity indices. Finally, we used the
available gas flow rate data to identify a reaistienario among the sample. The biogenig &idiget

for the offshore Aquitaine was calculated for thiedel, taking the presence of MDAC into account,
and compared with locations and quantities of akeknatural emissions. According to our results, a
gas system originating from only microbial activitgn be active over millions of years and can
generate important volumes of methane which mayeeibe trapped in the sediments or directly

escape to the seafloor, depending on the speéifitogical settings.

The paper outline is as follows. First, the geatabsetting of the case study is introduced, foldw
by a description of the data set used to build3iebasin model. The workflow used to quantify the
generated biogenic gas is described in sectionehdompasses the definition of the 3D sedimentary
model, the modelling of the processes of biogewrie groduction and migration, and the sensitivity
analysis on the uncertain parameters. The appitatf this workflow to the Aquitaine Basin is

described in section 5, followed by some discussairthe results in section 6.
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2. GEOLOGICAL SETTING

Geodynamic Evolution of the Bay of Biscay

The study area is located in the Bay of Biscay Wiiécbordered by the Armorican Shelf in the North
and by the narrow and shallow Basque plateau inSihwth (Ferrer et al. 2008; Roca et al. 2011;
Tugend et al. 2015). The opening of the Bay of &jswas influenced by the structuration of the
Variscan orogeny and is the result of differenteagtonal and compressional cycles (Tugend et al.
2014), and notably two rift systems (Ferrer et28l08; Tugend et al. 2014): a first North Atlantic
rifting phase at the beginning of the Triassicldwied by a second rifting phase during late Tragsi
early Jurassic which induced crustal thinning (Boiét al. 1979) and the formation of intracontitan
basins such as the Aquitaine Basin. During thedsgem, the opening of the Atlantic Margin induced
a compressional deformation in the southern Bagistay and a weak compressive reactivation in the
northern area (Thinon et al. 2001; Tugend et al420This compressional movement led to the
inversion and reactivation of extensional strucuwehich initiated the Pyrenean orogenesis. The
major compressional phase was reached during tbeneaand lasted until the end of the Oligocene. It
resulted in the accretion of the Pyrenean chain taedformation of the foreland Aquitaine Basin
(Tugend et al. 2014). The main target area of tudysis the Aquitaine Shelf (Fig. 1) which is paft

the offshore Parentis Basin and also representsétie hydrocarbon province of France (Biteau et al.
2006). It is filled-up with 15 km of sedimentaryves over a relatively thin crust (Biteau et al. 800
Bois et al. 1997; Ferrer et al. 2008).

Stratigraphic Framework

This section presents an overview of the AquitaBa&sin stratigraphy. For a more detailed

stratigraphic description, readers can refer teditet al. (2006).

The sedimentary column is composed at the bottomtbick evaporitic sequence (anhydrite and salt)

deposited in the Triassic during a period of highsidence.

During the Jurassic, deposition was mainly charaetd by the development of a westward carbonate
shelf: limestones and shale during the Lias, liomst and dolomites during the Dogger. In Oxfordian
time, extensional tectonics accelerated which tedhe differentiation of the Bay of Biscay into
various structural units such as the Parentis Babkigre limestone deposition continued, with locally
condensed sections until the Kimmeridgian (Biteduak 2006). During the late Jurassic the
depositional environment became increasingly mafollowed by the deposition of the “Mano

Dolomite”.

The Early Cretaceous corresponds to the deposifiondifferentiated marly sediments representative
of a shelf environment. During the Aptian, sedinseint the Parentis area were characterized by

carbonate deposits marking a transgressive pebiodng the Albian, pelagic shales were deposited,
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including locally clastic turbidites. The Pyreneeawmmpression started during the Upper Cretaceous
when the Parentis Basin continued to record a théciuence of shaly limestones and clays (Biteau et
al. 2006).

The beginning of the Cenozoic was a period of desing sedimentation rates within an open marine
context where the continental influence was matkgdhe presence of numerous marls. During the
Oligocene a carbonate shelf developed westwardsl filith marly deposits. From the Miocene until

today, the area was covered by continental sedanent

Fluid escape featuresin the Aquitaine Basin

An active fluid system along the Aquitaine Shelfsweecently discovered based on previously
acquired data collected during recurrent marineedifns conducted by Ifremer (Pegase98,
https://doi.org/10.17600/98040070 and Pelgas20@D1d4, https://doi.org/10.18142/18). Several echo
soundings were recorded in the water column cabgeghs bubbles located at 140-220 m water depth
(Dupré et al. 2014). This fluid system has beeth&rrassessed during the GAZCOGNEL (Loubrieu
2013) and GAZCOGNE2 surveys (Dupré 2013). It extemder 375 km?2 along the Aquitaine Shelf,
with 2612 bubbling sites (Dupré et al. 2020) (Hip.

Molecular and isotopic analysis on gasé® @nd5'°C) revealed that these fluids are composed of
almost pure biogenic methane (> 99.94% mol of #meeg) generated from @@duction (Ruffine et

al. 2017) without any link to the thermogenic s@srérom the Parentis Basin. Associated with these
gas escapes, authigenic carbonate pavements aeby wigleloped above and below the sub-seafloor
over 375 km?2 (Pierre et al. 2017; Dupré et al. 202be bubbling sites, as well as the authigenic
carbonates, are located east of the continentHllsfeak (Fig. 1) and no such activities were obedr
along the slope or inside the erosional canyon a/liee uppermost Pleistocene layers were removed
(Michel et al. 2017; Dupré et al. 2020). Plio-Pletcene and Holocene deposits are potential
candidates for the source layers from which therohial methane is generated (Dupré et al. 2020) as

they record high sediment and organic matter sufipigmer 1983).

Several scenarios for the source rock layers werestigated by Michel (2017). Based on regional
horizon geometry from seismic data, geochemicallende from Rock-Eval analysis and potential
migration pathways, the source rocks for microbigthane are most likely located within the Upper
Pleistocene progradational units (Michel 2017). degr, based on the regional thermal gradient
(Biteau et al. 2006) and temperature ranges forabial activity (Katz 2011), it cannot be excluded

that deeper source rocks may also contribute tonthebial gas generation (Dupré et al. 2020).

The isotopic signature of the carbonate cementsodstrates that these sedimentary features are the
result of Anaerobic Oxidation of Methane (AOM) (P& et al. 2017). The precipitation of the

methane-derived authigenic carbonates takes plateénwhe Sulphate-Methane Transition Zone

6
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(SMTZ) which corresponds to an oxic-anoxic boundagcated in most cases below the seafloor at
variable depth (Boetius et al. 2000).

These shallow-water seeps in the Aquitaine Bagrvary different from classical deep-sea cold water
seeps. As proposed by Pierre et al. (2017a) tsiesycould be compared with seeps found along the
northern U.S. Atlantic Margin (Pierre et al., 201 Avhere methane emission sites have been
discovered at 50-1700 m water depth as the regditeshwater discharge to the seafloor more than
100 km away from the coast (Cohen et al. 2010; Kekat al. 2014). Indeed, based on the oxygen
isotopic signature of bulk carbonate and aragongenents, MDAC from the Aquitaine Shelf
precipitated from a mixture of seawater and fresbwas the result of submarine groundwater
discharge at the seafloor (Pierre et al. 2017)s Thiid system is highly dynamic. Therefore, it is
easily influenced by the depth variations of theM\@nd SMTZ, and possibly by the amount of
groundwater discharge at the seafloor and alongldpe where the erosion within canyons partially

removed the uppermost sources of the biogenic metha

This process linked to the precipitation of MDAQuimbbe the reason why the location and migration
of the methane seeps occur east of the shelf bhedé&ed, emission sites are mainly located along a
narrow band oriented N-S parallel to the AquitaBteslf with highly variable amount of emitted gas
or MDAC deposits (Dupré et al. 2020). The fluidietg is more intense in the southern part of the
basin compared with the northern part and the gdifferences are observed for the MDAC deposits
which are widely distributed in the southern partl aore localized in the northern area (Dupré et al
2020). Note that both thickness and initial agéhefMDAC are still unknown. Based on Dupré et al.
(2014; 2020) gas migration pathways are mainly rotled by sedimentary processes (indicated by
precipitation of MDAC) rather than by tectonic adly (faults). As MDAC pavements can have a
major control on the gas migration and they repreaanajor sink for methane, we accounted for the
AOM in our model. The study area is located in tlogthern part of the Aquitaine Basin where the
flow rate of methane emitted into the water colusestimated to be around 35 Mg/y (Dupré et al.
2020) (Fig. 1b).

3. DATA SET

Source rock samples

The geochemical characterization of the organictenatvas done through Rock-Eval analysis
(Espitalié et al. 1977; Espitalié et al. 1985; Irgiee et al. 1998). Based on previous studies (Miche
2017; Dupré et al. 2020) and on the regional geothkegradient (Biteau et al. 2006), it is accepted
that the main target zone for biogenic gas prodaat our system is located at shallow depths én th

Plio-Pleistocene progradational systems. Howeveepdr source rocks may take part in the
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generation of microbial methane (Dupré et al. 2028)s, we collected samples between 595-1530 m
bsf in the Plio-Pleistocene to upper Miocene sediméTable S1). Exploration wells usually target
reservoirs and not source rocks that are deeprassamples from cores are rarely available aethe
depths. Nevertheless, 20 cuttings were collectenh ftwo exploration wells (Pelican-1, Pingouin-1)
located at the external shelf area (Fig. 3). Cg#tiare broken pieces of rocks derived from drilling
processes. They are used to make a record of thetigated rock with a depth uncertainty of around
+15 m related to recovery operation. Considerirag the minimum thickness of the source rock layers
defined in our model is greater than 15 m, thiseutainty was assumed acceptable for our case study.
All samples were washed, desalted and preparedcor@ance with the procedure applied at IFPEN
(Lafargue et al. 1998; Behar et al. 2001).

Maps and well data

Interpreted seismic horizons from the top basenertretaceous were taken from the OROGEN
project (funded by Total, BRGM, CNRS & INSU), andrh base Miocene to seabed from Ortiz et al.
(2020), and they were used to construct a 3D maofdible Bay of Biscay (Table 1). The interpretation
of the three main units composing the Plio-Pleist@c progradational system are given in Michel
(2017) (U1, U2 and U3, Table 1). Eleven exploratails were drilled by Elf Aquitaine in the area of
interest during the 60s, 70s and 80s. They arelynlaicated along the coast and along the shelflbrea
area as shown in Fig. 3. Measurements performeleate wells provide data used to calibrate the
basin model as described in the next sectionsedags, uncorrected Bottom Hole Temperatures
(BHT) for 7 wells (see Fig. 7), vitrinite reflectea for 6 wells (Fig. 8) and pressure at two wetig) (
S1).

Correction of BHT measurements can be more than 4b@ve the actual measure (Deming 1989).
Because no information about the mud circulationetiwas found in the composite logs, it was
decided to correct these measurements by adding df0#e measured value and to consider an

uncertainty of +10%.

Vitrinite reflectance data yield information abotite maximum temperature experienced by the
sediments (Jones and Edison 1979; Oberlin, 198@&; Z1200). The measurements however were
reported without any description of the sample typg. dispersed organic matter, coal, extracted
kerogen), therefore these measurements remain iopedsie. Pressure measurements indicate
hydrostatic gradients which have been used to mi@terthe average water salinity in the offshore

Aquitaine Basin.
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4. METHODS

Rock Eval analysis to determine biogenic gas generation potential

The Rock-Eval technique is widely used in acadeama petroleum industry to determine the
hydrocarbon potential, type and maturity of soumeks (Espitalié et al. 1977; Espitalié et al. 1,985
Lafargue et al. 1998; Behar et al. 2001). This tgpanalysis is applied either on bulk rock samples
(Espitalié et al. 1977) or on isolated kerogensamls (Behar et al. 2001). The Rock-Eval technique
consists in a thermal analysis of the sample thHrawgp analytical steps with specific temperature
programs: a pyrolysis under inert atmospherg (dllowed by a combustion of the residual sample
under an oxidative atmosphere (air). The hydroagsstawe detected using a Flame lonization Detector.
The CQ and CO released by the pyrolysis and oxidatiors@dare continuously swept towards an
infrared detector (Espitalié et al. 1985). A sradhount of crushed source rock (about 70 mg) or
isolated kerogen (5 to 30 mg) is usually exposeténpyrolysis oven to a temperature of 300 °C3for
minutes before applying a heating rate at 25°C/airto 650 or 800°C respectively. But since our
samples are recent sediments containing immatgenar matter, we applied a lower isotherm and the
samples were heated at an initial temperature @f@@s proposed in Baudin et al. (2015). During the
pyrolysis cycle, three peaks are detected. The &ik wbtained during the pyrolysis isotherm
determines the amount of free hydrocarbons in dneptes (mg HC/g of rock). The S2 peak obtained
during the pyrolysis heating rate corresponds &ltydrocarbons released by thermal cracking (mg
HC/g of rock). This S2 peak represents the remgihydrocarbon potential of a source rock. The S3
peaks partly correspond to the amount of CO and 1@@ased during thermal cracking (mg CO or
CGO,/g of rock). The main parameters calculated frontkREval data are: Total Organic Carbon
(TOC%) representing the total organic carbon cdntegdrogen Index (HI) (mg HC/g TOC) and
Oxygen Index (Ol) (mg Cgygy TOC). These parameters are used to determirigghee.g. lacustrine,
marine or continental) and the maturity of orgamiatter. Another parameter is also used as a proxy
for the maturity of a source rock: Tmax (°C) thatresponds to the temperature measured at the peak
of S2.

Basin modelling

Sedimentary model

The static model of the Aquitaine Basin was bugisdd on present-day topography (Ortiz et al. 2020)
and 13 subsurface horizons that were derived freisnsc interpretations (Table 1) (Michel 2017;
Ortiz et al. 2020; M. Roger, personal com.). Thdage of the model area is around 2800 kmz (Fig. 3)
divided horizontally into grid blocks of 1x1 km2.h& model also includes the methane-derived
authigenic carbonates distribution at the sub-eeaflDupré et al. 2020). The eleven explorationsvel

were used to cross-check the depth maps (Fig. iBpll; each isopach was associated with a
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lithofacies map (Fig. 3). The facies distributiorasvobtained by well log correlation, with an
additional uppermost MDAC layer for wells locatedhin the sub-seafloor MDAC area (i.e. Pelican-
1 and Fregate-1) (Figs 3, 7 and 8). The paleo-bagtry for each horizon was defined in accordance
with literature (Desegaulx and Brunet 1990; Bruh®94). In order to more accurately model the
processes of biogenic gas generation, the vertesdlution was increased in the main zone of
biogenic gas production. Thus, the shallower stfiata the Miocene to the Plio-Pleistocene layers
were subdivided into several sub-layers (TableThe Miocene layer, which presents an average
thickness of 600 m, was subdivided into six 10Chiok sub-layers. The Plio-Pleistocene units U2 and
U3 were also refined. The U2 unit was subdivided seven sub-layers with an average thickness of
60 m. The U3 unit was subdivided into eight sulefaywith a thickness of 90 m. No sub-layering was
applied to the Ul unit as its thickness is onlyuaich 100 m. Finally, we applied a lithological switc

at two uppermost layers in order to account for MDdeposits, that mimics the appearance of these
particular lithofacies after deposition. The fisthtic model is composed of 39 depositional evants

one litho-switch event (Fig. 3, Table 1).

Boundary Conditions

In order to model the thermal evolution throughejma lithosphere model was created with varying
bottom boundary conditions. The three main elem#rds characterize the lithosphere (upper crust,
lower crust and upper mantle) were taken from pakibns (Artemieva and Thybo 2013; Brunet
1994; Brunet 1997). The base of the upper man#esssmed to be the base of the model, defined by
the 1333°C mantle isotherm representing the Lithesp-Asthenosphere Boundary (LAB) and was
digitized from Artemieva and Thybo (2013). Two inf§ events experienced by the Bay of Biscay
(Ferrer et al. 2008; Tugend et al. 2014; Brunet4199esegaulx and Brunet 1990) were defined to
model heat flow variations in the geological paste rifting is initiated from a McKenzie-type crabt
model with an instantaneous (less than 20 My) iy of the lower and upper crust (McKenzie
1978). Then, the subsidence of the basin is simdlasing extension coefficient-factor) from
Brunet (1997)$ = 1.2 for the Triassic rift event afid= 1.4 for the Upper Jurassic rift event.

The upper thermal boundary is defined as a suttEoperature map at the top of the model for each
geological time step using thaleo-latitude calculator for Paleoclimate stuttpm van Hinsbergen

et al. (2015) and the equivalent diagram from Wia(a989) which require paleo-latitudes of the
basin over time. Since temperatures at the searhate usually much cooler compared with onshore
environments at the same latitude (Dembicki 20tt,sea bottom surface temperature was corrected
for paleo-bathymetry using the method describedTdmle (1981). This resulted in a series of
temperature maps, one for each geological eveaitwbre imposed at the top of the model and that

account for the changing latitude and bathymetrhefbasin.
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Biogenic source rock definition

Biogenic gas generation of a given source rock iacbatween 10 and 100°C (Katz et al. 2011) and is
determined as a function of thermal gradient (°Q/lamd sedimentation rate (m/My) (Schneider et al.
2016). An optimal heating rate at deposition tirmages between 7°C/My and 18°C/My (Clayton,

1992) (Fig. 4).

The thermal gradient and sedimentation rate maps w@mputed by the TemisFlow® simulator and
multiplied to determine the heating rate maps abdiion time for each layer (Fig. 5a-c). These snap
were then converted into biogenic potential indepmthat determine the areas in which any OM may

be converted to microbial GHFig. 5d).

Five potential source rock layers in the Plio-Rtmisne series and one potential source rock in the
Miocene sediments presented optimal condition®ifmgenic gas generation. Their input geochemical

parameters (e.g. TOC and HI) were taken from thekFval analysis (Table S1).

Concepts of modelling biogenic gas generation and migration processes

Published OM degradation models (Westrich et 88419anssen 1984; Middelburg 1989; Middelburg
et al. 1996; Canuel and Martens 1996; BoudreauRamitlick 1991; Robinson and Brink 2005; Arndt
et al. 2013) are the results of experimental lalooyastudies, performed at human time scales and at
specific thermal conditions. A basin model howereeds to represent the time span of the entire
geological history of a basin and its thermal etiolu A general modelling approach is needed that
accounts for the main biogenic gas production E®ee but that can also be applied at different

geological space and time scales.

Our modelling approach considers the total infiatlimentary Organic Matter (SOM) is composed of
TOClab, TOCzlab and TOChio-ref. The labile TOClab(kq. 1, Fig. 2) the part of the OM that is
immediately degraded at the moment of depositiaoming to the degradation law of Middleburg
(2989) which is a function of OM reactivity ¢§ and microbial activity (u(T)) (Eqg. 1). This model
describes an exponential decrease of the OM wipthdend time and leads to a strong degradation in
the first few meters of the sedimentary column.sTdhallow depth is challenging in basin simulators
where the vertical resolution of layers is usuallyhe range of tens to hundreds of meters. Intemfdi

all hydrocarbons generated or migrated in the uppst layer are assumed lost to the surface. Under
these conditions, only the fraction of TOClab aader depth would be capable of generating biogenic
gas. In order to account for a higher fractionhaf biodegradable OM, a thermogenic source of labile
TOC is introduced in our conceptual model (Burdif®7; Burdige 2011). It is represented by the
thermo-labile part (TOCzlab) of the initial TOC aodrresponds to the OM that can be trapped and
protected in the mineral matrix during the firstgas of diagenesis (Burdige 2011). When temperature

increases, TOCzlab can turn into labile OM whickdssitive to biodegradation. This process releases
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new labile compounds later in time and resultsriradditional generation of biogenic gas at greater
depth. The transformation of TOCzlab is modelleags first-order kinetic cracking scheme (Eq. 2).
For a continental-derived OM, composed mainly byxega of higher plants (Largeau and
Vandenbroucke 2007; Kamga 2016), the generationaethane at low temperature is mainly the result
of the degradation of the aliphatic portioesy(long fatty acids) (Kamga 2016) considered as thstm
thermo-labile compounds with low activation ener@ie third and last fraction of the initial TOC
(TOCbio-ref) is bio-refractory and corresponds te tTOC fraction that is used in traditional
petroleum systems analysis. TOCbio-ref is not $iesto microbial activity and is converted into
hydrocarbons by thermogenic cracking reactions.dnlythis study, TOCbio-ref values are derived

from Rock-Eval analysis (see Table 3).
Thus, the total initial SOM is defined as the surthese three fractions (Fig. 2):
Total Initial SOM = TOCbio-ref + TOClab + TOCzlab

TOClabevolution through time follows a continuous degtaxalaw (Eq. 1):

dTOClab dTOCzlab
= — Rbio * (abio + t)™? + p(T) » TOClab —

ot ot

(D

where R, represents a dimensionless calibration parameterd to the sedimentary environment. A
default value of 0.16 is derived from Middelbur8®). q;, is the apparent initial age of the OM
(Ma), t the time of the degradation process (Ma)ars equal to 0.95 (Middelburg 1989)T) (°C) is

the temperature dependent function of microbialagtderived from Belyaev et al. (1983).

TOCzlab degradation is defined by a first ordeekmreaction (Eq. 2):

0TOCzlab
ot

= —k(T) * TOCzlab (2)
where reactivity k is defined by the Arrhenius Iéxg. 3):

_K(T)= A+ e BT (3)

T represents the temperature (K), Ea the activagioergy (kJnol®), R the universal gas constant
(8.3144621 J.molK™) and A the frequency factor{s

The final generated biogenic gas is derived from titansformation of the labile organic carbon

fraction whose biogenic GHyeneration ratechio) (Eq. 4) is defined as:

mCH4 . dTOClab
* Sbio * ot

Thio = —
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where m. = methane molar mass,cn¥ carbon molar mass ang.s= stoichiometric coefficient

controlling the amount of organic carbon whichasieerted to microbial methane.

In conclusion, biogenic methane is directly gereddiy the labile TOC fraction following two steps
(Fig. 2): first, the labile TOC fraction is transfioed into methane, and then the thermo-labile TOC i

transformed at greater depth into labile TOC thatfierwards converted into additional methane.

Once the biogenic gas is generated, it is subgethéd following processes (in order of priority)) (
adsorption by the organic matter following the Liamgy law, which quantifies the capacity of the OM
to adsorb methane as a function of temperature paegsure; (2) dissolution in formation water
following an equation of state (EOS) which is adiion of pressure, temperature and salinity, and
subsequent advective transport in the water plagan(et al. 1992); (3) migration in a separate vapo

phase following multi-phase Darcy’s law.

Biogenic gas can also be accumulated in structurairatigraphic traps in a vapor phase, or adid so
phase in the form of gas hydrates (Brothers €Cdl4; Johnson et al. 2015; Skarke et al. 2014hdn
Aquitaine Basin, however, temperature and pressaorglitions are not conducive to gas hydrate
deposits (Dupré et al. 2020). The absence of hgdrater geological time is also confirmed by our

numerical simulations.

Quantitative sengitivity analysis

As mentioned in the introduction, the values of thedel parameters, and especially those describing
the biogenic gas generation process, are uncefamsitivity analysis can be performed to estimate

the impact of these parameters on the modelledepsas and to determine those that are the most
critical. This can help to better understand thecpsses involved in the biogenic gas production and

migration and to simplify the calibration procegsfbcusing on the relevant parameters.

Here we performed a variance-based global sengitamalysis to quantify the influence of the
parameters on the output of interest (Sobol’ 198®re specifically, input parameters are considered
to be independent random variables with given giba distributions. Indices are then computed
that quantify the impact of the parameter uncetyaim the output variance. The main (or first-ojder
effect measures the part of the output variancéamer by the parameter alone. It ranges between 0
and 1. The total effect, as defined in Homma arltelg1996), estimates the global sensitivitytbé
output to the parameter. The difference betweerndtad and main effects corresponds to interactions

between the studied parameter and some other prtame

The estimation of the main and total effects rezpiknowing the value of the output of interestdor
very large number of models. To avoid such a coatmutal overburden, we consider here meta-

models that mimic the simulator. More precisely, generate a sample of the parameter space and
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perform the corresponding simulations. This prosideset of basin models, the training set, that is
used to approximate the relationship between theatiparameters and the output of interest, progidin

fast estimations of this output for any parametdues (Wendebourg 2003; Feraille and Marrel 2012).
If these estimations are accurate enough, theyreplace the calls to the simulator during the
computation of the sensitivity indices. To checle thuality of the meta-model estimations, we

consider here an additional sample of the paransggace, independent from the training set, and
compare the output simulated values for these nedefa with those predicted by the meta-model.
The resulting errors are gathered in the R2 cdroglandex (see Gervais et al. (2018) for more

details).

This workflow has already been used in a varietgmitexts. In what follows, meta-models are built
by kriging interpolation, and are combined with ueed-basis decomposition to predict the spatial

distribution of properties in the basin as desdifme instance in Gervais et al. (2018).

5. RESULTS

Organic Matter Characterization

As mentioned above, to characterize the OM we ctatecuttings at depths ranging from 595 to 1530
m from the Pelican-1 and Pingouin-1 wells locatedhie offshore Parentis Basin. At the same depth
and formation interval, the two wells showed diffier TOC values (Table 1S). Pingouin-1 is
characterized by a very low OM content which anra@ecrease with depth ranging from 0.44% in
the shallower Plio-Pleistocene to 0.32% TOC inMiecene. The Pelican-1 well shows higher OM
content, with TOC values principally ranging fromd4% to 0.47% respectively from the top Plio-
Pleistocene to the base Miocene. Only one samiide&IFAN-7) is characterized by a higher TOC
value of around 10.35% which is probably due to pinesence of black OM in vitrinite residues
already observed and described in Michel (2017heftise, the samples show Ol values between
~240 and 500 mgCZyTOC and very low HIL 55 mg HC/gTOC) suggesting an altered continental-
derived OM (Fig. 6). A mean Tmax value of 420°Cigades that the OM is immature.

Thermal and pressureregime

Calibration of present-day temperatures was obtiaibg modifying thermal conductivities of
lithologies in each strata in accordance with thgisen in Pasquale et al. (2011). Calibration rssul
are shown in Figure 7. A lithospheric model (satdd constrained the thermal evolution of the basin
through time which was calibrated with vitriniteflestance data from 6 wells (Fig. 8). Note that in
this study, we do not model any deeper thermogagtioleum systems as those known in the offshore
Parentis Basin as we focus on Cenozoic stratamwattiich the biogenic gas source rocks are found.

According to the calibrated model, the Miocene tagaches its maximum temperature between 32
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and 45°C at the present day. These temperaturesatseespond to the microbial activity peak and
optimal conditions for the generation of microbgds (Katz et al. 2011). Note also that vitrinite
measurements were reported without any descripfidghe rock samples from which they were taken

adding to the uncertainty of the final paleo-tenapere history.

Pressure measurements indicate some overpressurtheinbasin: Pelican-1 encountered an
overpressure of 6.28 MPa at 3125 m in a shaly boriAntares-1 encountered a small overpressure of
1.78 MPa at 2056 m (Figure 1S). Hydrostatic pressynadients depend on salinity. The water
composition offshore Aquitaine is highly variablerobably related to the presence of large salt
accumulations and extensive diapirism. Salinitiesoeintered in Pelican-1 show a mean value of 65
g/l + 15 at 1823-1860 m depth (Paleocene), a medmevof 150/180 g/l at 2500 m (Aptian), and
values up to 145 g/l at 2800 m (Barremian). Sadisifrom the Antares-1 well show lower values at
similar depths (56 g/l at 2567 m). Despite sucligh kariability of water salinity, pressure calibom

was achieved with a mean water salinity of 50 g/I.

Sensitivity Analysis on biogenic gas generation

As mentioned previously, the parameters descrillilegbiogenic gas generation are not completely
known for continental-derived terrestrial type OM in the Aquitaine Basin. We thus performed a
sensitivity analysis on 7 input parameters likety Have a significant impact on biogenic gas

generation in the offshore Aquitaine: TOClab, TCQ®zIR,,, Ea,u(T), $i and water salinity.

Ranges of kinetic parameters are based on publidatdfor a type Il organic matter (Middelburg
1989; Hedges and Oades, 1997; Martens and Canug%8; Burdige 2007, 2011) and on previous
modelling work of biogenic gas generation (Ducrpd &/olf 2014; Ducros et al. 2015). As presented
in Burdige (2011 and reference therein), the atitmaenergy (Ea) for recent organic matter can vary
between 50 to 130 kJ/mol. In our case study, bimggas generation is favorable when Ea is
comprised between 80-110 kJ/mol. Higher or lowduagrevent the biogenic gas generation. We
therefore reduced the range proposed in Burdigél(?@s proposed in Table 2. Here, we did not
consider the frequency factor (A) of the TOCzlabekics (Eq. 3) as a critical parameter. Indeeis, it
well known that, for the same reactivity, variasoim Ea can be compensated by A (Peters et al.
2018). In accordance with previous kinetic stud@shar et al. 1997; Dieckmann 2005; Schenk et al.
1997) we fixed A and varied Ea in the range of @hield data to find an optimal kinetic law for
TOCzlab. However, in order to more accurately dbscthe degradation of a recent type-1ll OM and
reduce uncertainty, further research should focosthe analytical assessment of the molecular

composition of a recent continental-derived organatter.

The perturbation of thauT) function is performed through the variation tife temperature

corresponding to the peak of maximum activity iadtef varying the function as presented in Table
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2. Water salinity was included in the sensitivityalysis to assess its impact on methane dissolution
rather than on the final amount of generated ga® Mnges of variation of all the critical input

parameters are given in Table 2.

To estimate the sensitivity indices, a Latin Hypdre sample of 100 models was generated (McKay et

al. 1979) and used to get first qualitative results

Since the migration of microbial gas evolves aarafion of the total amount of generated gas (SQG,
Fig. 9), special attention was given to the sevigjtiof SQG to the uncertain parameters. Figure 10
shows the value of SQG for the 100 models of tlmepsa as a function of Eaysand R,. We can

observe a negative correlation between SQG anddhieation energy (Ea), as well as a positive
correlation for both, (Fig. 10a,b) and low values ofR(Fig. 10c). No clear trend can be observed

for the other parameters.

The results of the variance-based sensitivity aiglgn SQG are presented in Figure 11. The meta-
models used to compute these total and main effeets derived from the 100 models and quality-
checked using 50 additional models. Parameters,g@and R;, appear to be the most influential on
SQG, while the proportion of labile versus therrabdle compounds in the OM (TOClab and
TOCzlab) seems to have only a limited impact. Tinimy be related to the quite small range of

variation chosen for these fractions.

If we now consider in more details the spatialribstion of parameters Ea,sand R, total effect on

SQG in the layers (Fig. 12), we can observe somabitity depending on the source rock horizon.

The impact of Ea is strongest in the Miocene soupmk and decreases in the shallower Plio-
Pleistocene layers (Fig. 12). This is probably ttudegradation rates for the thermo-labile parhef
OM that increase with temperature (Eq. 3) and thitls depth. As a result, the variability of Ea has
more impact at greater depth. The same trend isleifor s, the influence on SQG increases with
depth, with a higher impact on the deeper Miocangce rock compared with the uppermost Plio-
Pleistocene sediments (Fig. 12). This result idabdy linked to the higher organic carbon avaiiapil
in the deeper source rock, derived from the tetaidformation of both TOClab and TOCzlab, which
is then converted to biogenic methane as functi@gi{Eq. 4). The results for 3 show the opposite
behavior: the impact is strongest in the upperntagers where TOClab is the most sensitive to

degradation, and small in the deeper layers (Fy. 1

Scenario for microbial gas generation

In our model, each source rock layer, from the dedyiocene to the shallower Plio-Pleistocene, is

defined by a constant TOCbio-ref determined frontlRBval analysis (Table 3). The degradation
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laws for the labile compound and the kinetic lamsthe thermo-labile fraction are identical for leac
source rock layer. We use the estimation of theflgasn the northern area identified by Dupré ket a
(2020) to constrain these laws. More specificélg difference between the total mass of generated
gas and the total mass of gas in place (eitherbedpdissolved or free) provides us an estimation
the amount of gas lost at the seafloor, and thusstimation of the gas flux which can be compaoed t
the flux measured by Dupré et al. (2020) in thethen area. The optimal value among the set of
models is obtained for the input parameters vadisen in Table 2 (“This study” column). We can see
that it requires a low activation energy of 83 kdlimwvhich is necessary to activate the thermo-éabil
TOC fraction at low temperatures as in the casthefPlio-Pleistocene source rocks. This model is

considered in what follows as our reference scenari

With this scenario, the average per-area amougéoérated gas is 78 kg/m? (Fig. 13) which amounts
to 25.5 Gt/My when integrated over time along thére area of ~1188 km? (Fig. 14). The highest
microbial gas amount is generated by the upper &fiecsource rock which reached its highest
temperature (~ 32°C) at the present day. Methafissiggenerated by the initial labile fraction thg
early diagenesis but continues to be generated thgr olabile molecules derived from the
transformation of TOCzlab with increasing tempemthe area of maximum generation is localized
along the shelf edge where the sediment thickreesisei highest resulting in both higher burial and
temperature. Generation decreases along the ulgper where no fluid activity has been identified
(Dupré et al. 2020) (Figs. 1, 14). Part of thiseyated gas is adsorbed to the source rock, orldésso

in the pore water, or trapped as a free gas whiemasi@ns are high enough. As shown in Figure 13,
biogenic gas is mainly present in the system asoblied in water. Formation water is almost always
under-saturated with respect to £Cahd a free methane phase is minimal in the uppsriagers
mainly at the shelf break (Fig. 13d). Dissolved gasves driven by hydrodynamic gradients. As
compaction is the main driving force, water flowmginly vertical and therefore methane flux is also
mainly vertical, from the source rock to the seafloHowever, flow in the uppermost strata is
impacted by MDAC deposits which prevent gas tolgascape to the seafloor. The modelled gas
migrates upwards along a narrow N-S oriented segr and east of the shelf break (Fig.14) where gas

generation rate and sediment permeability are fagstable.

Once the fluid reaches the seafloor, methane ishwed as a free gas phase. Our results suggest that
gas seeps at the seabed may be principally lirkgdg diffusion close to the water/sediment interfa
rather than from large quantities of free gas ntiggato the surface. Considering the difference
between the total mass of generated and in plas€eifher adsorbed, dissolved or free), we estimate
that the amount of gas lost at the seafloor is G8My over an area of ~107 km? which corresponds
to the gas flux in the northern area modelled dapré et al. (2020) (Fig. 14).
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6. DISCUSSIONS

Cumulative volume of released microbial methane at the seafloor in the Aquitaine Shelf

Dupré et al. (2020) estimated an amount of emittethane over the Aquitaine Shelf of 144 Mg/yr
based on measurements from local bubbling siteéfiflRuet al. 2017) and acoustic water column
signatures of escaping gas bubbles. Our studyisresstricted to the northern Aquitaine Shelf (see
location in Fig. 1b) and corresponds to 1.88 Tcf/(lyillion Cubic Feet per million years) (Dupré et

al. 2020).

Our model indicates a total mass of generated imi@ranethane of 25.5 Gt/My over 5.53 My
corresponding to the time since the beginning efghneration process. At the maximum generation
depth (mean depth ~1100 m), the deeper sourceisoakP-T conditions of ~ 10 MPa and ~ 35°C
where CH density is 72 kg/thusing the AGA8 equation of state (ISO 12213-2 2®@rling and
Savidge 1992) (Fig. 15). Thus the total volume erfigrated gas is 3.55*F0Mm*/My (equivalent to
12.8 Tcf/My).

At the water depth range of emission sites, P-Tditmms are 2.6 MPa and 10°C resulting in a gas
density of 19.7 kg/f(Fig. 15).Based on a gas loss of 0.91 Gt/My, we can estithaeumulative
volume of emitted gas as 4.63*10m*My (equivalent to 1.62 Tcf/My).

MDAC pavements represent a sink of LAt the edge of the Aquitaine Shelf, they are asged
with microbial methane seeps which are oxidizethm Anaerobic Methane Oxidation zone to,CO
(Pierre et al. 2017). During upward migration, femerated methane meets the’Saf the downward
diffusing seawater in the Sulphate-Methane Tramsione where it is consumed by the activity of
methanotrophic archea with $20reducing bacteria (Boetius 2000; Conrad 2005; €h&010; Lash
2015) in anoxic conditions. Note that we did nat@mt for the sulfate-reduction of organic matter a
it is one of the process less likely to induce lauathigenic carbonate precipitation compared ® th
AOM (Paull and Ussler 2008). In addition, extengivecipitation of MDACs within the subsurface, is
usually related to SMTZ occurring at shallower &attom depths (e.g. < 20 mbsf) (Paull and Ussler
2008 and reference therein) which can be the dabe ®Bay of Biscay (Pierre et al. 2017, Duprelet a
2020). Here, we assume that in the Bay of Bisca&y AWM is the driving process for MDAC

precipitation.

The AOM redox reaction can be described as theaastion between seawater sulfate and methane
(Eq. 6):

CHuaq + SO — HCO; + HS + H>O) (6)
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The dissolved inorganic carbon (bicarbonate) gdedrin the STMZ under anaerobic conditions
increases alkalinity that promotes carbonate pitatipn resulting in the formation of authigenic-
carbonate (Eqg. 7) (Boetius 2000; Regnier et al1204ash 2015).

2HCO; + C&* € CaCO; + CO, +H,0  (7)

This process is a widespread diagenetic reactiomgatnodern continental margins (Reeburgh 2007,
Lash 2015) where part of the generated metharanisuened before it reaches the seafloor (Regnier et
al. 2001). Therefore, methane oxidation during uphmaigration should also be taken into account to
model biogenic gas processes. However, the iniegraif this process in basin modelling is
complicated by the fact that the AOM thickness ésyvsmall, around 2 m within the STMZ, and

occurs at variable shallow depths.

Based on the current knowledge from the offshorait&ine (Dupré et al. 2020), we can estimate the
average amount of CGHonsumed through the AOM. Using a mass balanceoappr the C®
“trapped” in MDAC is 43% of the total molar mass @&CQ. The exact thickness of the MDAC
outcropping and sub-cropping is unknown but witteimation from seismic data (Fig. 1, Dupré et al.
2020), we can estimate a variable thickness of 20tan which is discontinuous along the shelf.
Considering an extent of MDAC of 200 km2 (Fig. 1#Je can determine an average volume of
MDAC. Assuming an average thickness of 5 m for Mi2AC, we can estimate the amount of £O

stored in the carbonates which corresponds taotiédamount of ChHconsumed through AOM.
The total mass of consumed £hCH,) through the AOMan be defined as (Eqg. 8):
MCH, = p*V*f (8)

wherep is the CaC@density (2700 kg/f, V is the CaC@volume () and f is the molar fraction of
CO, trapped as MDAC equal to 43%. Note that we ararasg) that all C@ both in the system and
trapped in the MDAC derives from methane oxidatoty.

To convert the total CHnass (Eq. 8) to total gas volume, we considerdahtte emission water depth
the gas density is 19.7 kg/ifFig. 15) resulting in 5.89*T6Mm?® of CH, (2.06 Tcf) that is trapped in
MDAC. This means that 23% of the uprising methaneonsumed through AOM resulting in a
reduced total emission rate of 1.25 Tcf/My. Notattifi we consider a lower limit of MDAC thickness
of 2 m, the emission rate is 1.48 Tcf/My correspogdo 9% of CH consumed through AOM. In
contrast, a higher thickness of 10 m results iry 0.8f/My of microbial CH emitted at the seafloor,

corresponding to 46% of GHrapped in MDAC.
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Modelled present-day flow rates of microbial methane

The modelled hydrodynamic regime of the northeruifaine Basin is shown in Figure 16. During
compaction, porosity loss induces vertical watgrudsion (Fig. 16a, b). In our model, most of the ga
is dissolved in the formation water (Fig. 13) inetlupper layers that are characterized by
unconsolidated sediments with high porosity (madeNalues between 50 and 60%) (Fig. 16a, b).
Therefore, we can approximate the methane fluheoveertical water flux. We also observe that the
low porosity of MDAC at the seafloor acts as a learpreventing the water to circulate easily up to
the water-sediment interface (Fig. 16a). Migratéord expulsion processes are then controlled by the
hydrodynamic regime of the upper part of the basiwhich methane migrates to the seafloor as a

function of sediment geometry, permeability andewvdux.

Our model indicates methane in a free gas phaseevke gas saturation is reached in the water. This
condition is sensitive to the amount of free watethe layer, P-T conditions and amount of generate
gas. Basin modelling grids are limited by their tedaresolution. Layer thickness and cell size can
impact the amount of free water in the system. &asaration is reached when gas generation or
pressure conditions are high enough to exceed dhilty threshold or when layer thickness is
sufficiently small which reduces the amount of fregter. In our model, we observe that the majority
of the gas is dissolved in water due to gas satmrdhat is decreasing during upward migration
caused by AOM. Indeed, in the Aquitaine Shelf, MDA€present the main sink for Cldnd
therefore imply that gas remains dissolved in waitprto the seafloor where it diffuses due to
changing thermodynamic conditions at the seafl@@nen the high permeability of the upper
unconsolidated sediments (Fig. 16 b), we can asshatehe total gas released at the present day is

proportional to the water flow through the uppertiager.

Due to the absence of capillary pressure, it is pmgsible to accumulate hydrocarbons in the

shallowest layer. Thus, we calculated the watev tlirough the second-last layer as follows (Eq. 9)

[CHAItf — [CHAti

Methane Flux = -
tf —ti

(9

where ti corresponds to the last geological evefindd in the model (0.14 Ma) and tf to the present
day. As shown in Figure 16, gas is migrating upwarthe seafloor along the Aquitaine Shelf edge
but no such activity is observed on the slope (Bugtral. 2020; Michel et al. 2017). Variations of
methane concentration in water have been computeddveral grid cells and integrated over the
northern study area (Fig. 1b) which yields an ayermethane flow rate of 27 Mgly (Fig. 17). This
number has the same order of magnitude as theagetimmethane flow rate of 35 Mg/y from in situ

flow rate measurements and acoustic data (Dupak 2020).
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In our model, the total mass of emitted methanédyia methane flux of 23 mgGih2/y over the
northern Aquitaine surface (Fig. 1b). Present-dathane flow rats have also been compared with
paleo-flow rates. We computed concentration changeslissolved gas in water between the
deposition of the first Plio-Pleistocene sourcekrat2.87 Ma and the following geological evefit €
0.23 My). The average amount of emitted methanethait time interval reaches 11 Mgly
corresponding to 9.8 mgGHn?/y. In contrast, the deposition of the last seurock layer at 1.76 Ma
and the following geological eveniAt{ = 0.19 My) results in a methane flow rate of 41/
corresponding to 35 mgGHin?/y, which turns out to be the maximum modellegtimne flux through
the seafloor. Therefore, present-day flow ratesrelaively smaller because all the source rocks ar
already deposited and the more “mature” Miocenecgorock had already generated a large part of its
labile potential resulting in a higher flux in tipast compared to what we currently observe. This
result is probably due to the absence of sedinarige the Plio-Pleistocene source rocks during time
of deposition (1.76 Ma), where the gas can easibage through the seafloor compared to the present
day where gas migration is controlled by an ovetbarand its permeability. Thus, gas migration over
time along the offshore Aquitaine Shelf edge ewshas a function of variable generation and

sedimentation rates.

Note that in our study, we did not take into ac¢auprobable input from a Holocene source rock as
proposed in Dupré et al. (2020). Indeed, in our ehotthe Holocene layers are too shallow (between
150 to 200 m of water depth along the shelf) toaaca probable biogenic source rock. We can also
assume that its contribution to the final cumulatixolume of generated/emitted gas would be low

compared to any deeper source rock.

7. CONCLUSIONS

This study presents for the first time an atteropquantify the total amount of emitted biogenic gas
the seafloor over time, applied to the AquitaineelEhAlong with a calibrated basin model,
geochemical results from Rock-Eval and quantitaseasitivity analysis, we propose a model for the

evolution of the microbial methane system in thdirsents of the offshore Aquitaine Basin.

A global sensitivity analysis based on meta-modelped to identify the most critical parameters for
gas generation. Given the uncertainty ranges ferirtbut parameters, methane production appears
mainly controlled by the reactivity of the OM raththan by the relative percentage of labile and
thermo-labile compounds. The final amount of geteeranicrobial methane strongly depends on the
deposition age of the source rock. In our modeéls@irce rocks depleted their thermo-labile fractio
that is defined by a low activation energy. Onlg #hallower and more recent Plio-Pleistocene source

rocks still have a labile potential to generategbiic gas compared to the older and deeper Miocene
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source rock that is totally depleted. However, dickted analytical assessment of the reactionikmet

and reactivity of the OM is required in order tommaccurately assess OM degradation.

The generated gas is mainly present in the syssedisaolved in water migrating vertically untiligt
finally released as a separate gas phase at tfiecseMigration pathways are controlled by seditnen
permeability and by maximum generation rates akegshelf. This system seems to be active since
the first source rock was deposited in the Messinigth a mean modelled methane flow rate of 11
Mgl/y until the deposition of the last source roakridg the early Pleistocene where it reaches a
maximum emission rate of 41 Mgly when all sourceksowere deposited without any further
sedimentation and the gas was easily releasee aetifloor. Modelling results also show that presen
day methane flow rates (27 Mgly) are in the sangderoof magnitude than flow rates estimated from
in situ flow rate measurements and acoustic d&aM@/y) (Dupré et al. 2020). Our results confirm
that the absence of a seal at the top of the sys#euited in continuous methane emission over time
along the offshore Aquitaine Shelf edge and,@6lv rate intensities evolved as function of miuiad

methane generation and sedimentation rates.

Our modelling approach demonstrates that a gasraystiginating from only microbial activity can
be active over millions of years generating sigaifit methane volumes that depend on the specific
geological setting. In our 3D model, the mass ofegated gas over time corresponds to 25.5 Gt/My of
biogenic CH. The difference between the total mass of gengnaiiethane and the total mass still in
place (in either adsorbed, dissolved or free stagdjls a loss of 0.91 Gt/My. However, part of thes

is not directly released at the seabed but rath@tized into CQ through AOM during upward
migration. Based on MDAC thickness variation of 20-m and assuming that all €Present in the
system is sourced by methane oxidation only, wddcdatermine an average amount of consumed
CH, through AOM varying between 9% and 46% of theiahigenerated methane volume. Thus, the
average volume of emitted gas over time along theitAine Shelf ranges between 0.87 Tcf/My and
1.48 Tcf/My. This result demonstrates that if wentvéo better understand and estimate the total
amount of emitted methane and its impact on thametmosphere carbon budget, we need to account
for (1) the total amount of generated gas, (2)ttha amount of trapped gas in the system andh@) t

total amount of consumed gas through the AOM.

In this study, we present a new workflow to asdasgenic gas occurrences in continental shelf
settings at the basin scale where microbial, @Hsourced from recent continental-derived OM.sThi
new approach, applied and calibrated to the oftshdquitaine, can help estimate the total ,CH
emitted naturally from shallow-water shelf areaattmay reach the atmosphere. This subject is of
particular interest for the scientific community lkimg on the impact of global warming issues as

methane is a major greenhouse gas with a negatitelzution on climate and environment.
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1282  Figure 17. Present-day modelled dissolved methankg{m?) in the second layer from top seafloor alonghe northern
1283  study area emission sites (for map location see Figb). Black dots indicate the offshorewells (FR Fregate-1; Pl —
1284  Pingouin-1; IB — Ibis-1; PE — Pelican-1) (Figs. 1,)3 Black lines represent the seafloor bathymetry wi a contour
1285 interval of 50 m.
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1297 Table 1. Geological layers and sub-layering for thenain target area of biogenic gas generation. Intemeted seismic
1298  horizons are derived from OROGEN Project (Total) (Bagment to Oligocene), Ortiz et al. (2020) (Miocen®tSeabed),
1299  and Michel (2017) (Plio-Pleistocene units). The twappermost layers are created by a lithoswitch to aount for
1300  precipitation of MDACs during CH , upward migration.

Interpreted
Top A
op Age Layers Horizons Sub-layering
(Ma) o
from seismic
0.0 MDAC
0.14 Seabed X
0.25 Plio-Pleistocene U3 X 8 sub-layers
1.76 Plio-Pleistocene U2 X 7 sub-lavers
3.53 Plio-Pleistocene U1 X
5.30 Miocene X 6 sub-lavers
Langhian-
13.82 = X
Serravallian
2024  Aguitamian
23.03 Dligocene X
33.90 Upper Eocene
41.20 Lower Eocene
56.00  Paleocene
66.00 Upper Cretaceous
10050 Albian
113.00  Aptian
12500  Barremian
130.00  Neoconomian
14500  Top Jurassic X
175.60  Top Lias
201.30  Top Triassic X
250.00  Top Basement X
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310

1311



1312
1313
1314

1315
1316

1317 Table 2. Range of parameters considered as uncertain this study (Min and Max) and values selected foan optimal
1318 biogenic gas production (“This study”).

Input Parameter Min Max This Study Unit
TOClab 20 24 22 %o
TOCzab 15 19 19 %a
Rbio 0.16 9 1.7
Ea 80 110 83 kI'mol
Shio 0.2 0.4 0.35
Salinity 40 60 50 gL
- a;, o

1319 u(T) 30 55 32 C

1320

1321

1322

1323

1324

1325

1326

1327

1328

1329

1330

1331

1332

1333

1334

1335

1336



1337

1338 Table 3. Source rock age, modelled temperature anthérmal conductivity. TOC bio-refractory (TOC o) Values are
1339  defined after the Rock-Eval analysis (Table S1).

Mean Mean
Source Rock Top_ Age Mean Depth - Thermal TOChio-ref
Temperature i
Conductivity

(Ma) (m) (°C) (W/m.*C) (%)

Plio-Pleis_5 1.76 585 14 1.60 0.49

Plio-Pleis_4 1.98 618 16 1.64 0.42

Plio-Pleis_3 220 670 17 1.66 0.44

Plio-Pleis_2 242 T08 20 1.63 0.30

Plio-Pleis_1 2.87 823 22 1.61 029

1340 Miocene 5.53 1100 30 1.54 0.51
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359

1360
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1363  Figure S1. Pressure calibration for two wells. Wellocation is given in Fig. 3.



1364  Table S1. Rock-Eval results on cuttings collected fra two offshore wells (Pingouin-1 and Pelican-1). Wielocations
1365  are givenin Fig. 3.

Sample Depth 52 Tmax HI ol TOC
m mgHc/fg-rock C mg Hefg TOC mg CO.fg TOC %
PINGOUIN-1 595 0.22 424 5l 286 0.44
PINGOUIN-2 715 0.12 437 41 427 0.28
PINGOUIN-3 735 0.11 423 41 387 0.26
PINGOUIN-4 873 0.04 422 21 301 0.2
PINGOUIN-5 955 0.09 421 3l 343 0.29
PINGOUIN-G& 1025 0.11 420 39 334 0.29
PINGOUIN-7 1125 0.05 420 25 430 0.22
PINGOUIN-8 1145 0.14 420 39 292 0.35
PINGOUIN-9 1265 0.14 422 43 307 0.32
PINGOUIN-10 1325 0.15 421 a7 279 0.32
PINGOUIN-11 1425 0.1 421 33 305 0.31
PELICAN-1 Fa0 0.14 421 32 328 0.44
PELICAN-2 200 0.15 424 34 0o 0.44
PELICAN-3 960 0.19 424 38 290 0.49
PELICAN-4 1050 0.19 422 43 292 0.46
PELICAN-5 1200 0.1 422 27 321 0.36
PELICAN-G 1280 0.15 439 £ 387 0.41
PELICAN-7 14593 5.67 432 55 106 10.35
PELICAN-8 1500 0.21 421 38 238 0.53
1366 PELICAN-9 1530 0.2 420 43 284 0.47
1367
1368
1369
1370
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HIGHLIGHTS

Innovative 3D basin modelling approach to quantify the budget of biogenic methanein
continental shelf areas and calibrated to sea floor emissions

Sensitivity analysis to determine impact of main parameters on biogenic gas generation
and expulsion/migration processes in offshore Aquitaine

Quantification of methane consumed and stored in authigenic carbonates as function of
efficiency of AOM (Anaerobic Oxidation of Methane)

Methane migration is diffuse and mainly vertical from the source rock layersto the
seafloor dissolved in pore water

Biogenic methane is sourced by an active system with a maximum flow rate modelled
during the early Pleistocene
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