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1-Abstract

The pressure of deep fluids in subduction zones is a major control on plate boundary

strength and earthquake genesis. The record, by methane-rich fluid inclusions, of large

(~50-100MPa) and instantaneous pressure variations in the Shimanto Belt (Japan)

points to the presence of large fluid overpressure at depth (300-500MPa, ~250°C). To

further analyze the connection between methane and fluid overpressure, we determined

with Rock-Eval the potential for a worldwide selection of deep seafloor sediments to

produce methane as a result of organic matter (OM) cracking due to temperature

increase during subduction. The principal factor controlling the methanogenesis

potential of sediments is OM proportion, while OM nature is only a subordinate factor.

In turn, OM proportion is mainly controlled by the organic terrigenous input.

Considering a typical sediment from ocean-continent subduction zones, containing

0.5wt% of type III OM, cracking of OM has two major consequences: (1) Methane is

produced in sufficient concentration as to oversaturate the pore-filling water. The deep

fluid in accretionary prisms is therefore a mechanical mixture of water-rich and

methane-rich phases; (2) CH4 production can generate large fluid overpressure, of the

order of several tens of MPa, The conditions for these large overpressure are a low

permeability of the upper plate (<2.102'm2) and décollement zone (<1018m2), which may



be prevailing in the depth domain (z>10km) where OM thermal cracking occurs. At

these depths, OM thermal cracking appears as a source of overpressure larger than the

last increments of smectite-to-illite reaction. Such large overpressures play potentially a

role in facilitating slip along the plate interface. Conversely, the scarcity of earthquakes

1n ocean-ocean subduction zones such as Marianna or Barbados may be related to the

low influx of detrital OM and the limited methane/overpressure generation at depth.

2-Introduction

Fluid pressure is often considered as one of the major control on brittle deformation,

through its effect on yield stress in friction laws. Indeed, seismological studies point to

large overpressure of fluid within the upper part of the subducting slab or along the

plate interface in several subduction zones generating large earthquakes such as Costa

Rica (Audet and Schwartz, 2013), Chile (Moreno et al., 2014) or southwestern Japan

(Kato et al., 2010). The relationship between overpressure amplitude and seismogenesis

is nevertheless not straightforward, as can be illustrated near the rupture zone of the

2010 Maule earthquake in Chile: fluid pressure is near lithostatic everywhere along the

subduction interface but the zones of seismic interlocking correlate with the lowest

overpressure of fluid (Moreno et al.,, 2014). Similarly, the mechanical role of fluid

pressure in coseismic rupture is complex: Fluid thermal pressurization is a possible



process of dynamic weakening (Wibberley and Shimamoto, 2005), while fluid pressure

decrease due to earthquake-induced fault damaging and dilatancy results in

strengthening.

The question of the origin and the amplitude of the overpressure has been thoroughly

studied in the context of basins and oil generation. In such contexts, rock loading as a

result of burial is often considered as the principal factor for the increase in pore fluid

pressure (Maubeuge and Lerche, 1994; Osborne and Swarbrick, 1997; Tingay et al.,

2009; Yu and Lerche, 1996). Other processes, such as aquathermal expansion, clay

dehydration or organic matter cracking and oil/gas generation can also contribute to

forming overpressure if the reservoir is sealed (Osborne and Swarbrick, 1997). Amongst

these processes, gas generation is in theory very efficient (Barker, 1990; Ungerer et al.,

1981) and has been proposed as the cause for the overpressure in several instances

(Cobbold et al., 2004; Michael and Bachu, 2001).

In subduction zone settings, several processes have been investigated as possibly

contributing to the generation of overpressures (see the review in Saffer and Tobin

(2011)). If disequilibrium compaction is the main process operating at shallow depths

(<1-2km), responsible for example for the large porosity in underthrusted sediments in

Nankai subduction zone (Screaton et al., 2002; Tobin and Saffer, 2009), other processes



may take over at larger depth and temperatures. Prograde metamorphic reactions,

involving primarily the clay minerals abundant in the sediments (e.g. smectite to illite

or smectite to chlorite reactions) result in general in releasing water from the minerals

and possibly contribute to fluid overpressure (Kameda et al., 2011; Saffer and Tobin,

2011). Similarly, hydrocarbon generation from organic matter cracking has a potential

impact on fluid pressure, exactly like in basinal settings (Moore and Vrolijk, 1992).

Smectite-to-illite reaction occurs principally in the range 50-150°C (Pytte and Reynolds,

1989; Saffer and Tobin, 2011). In hot subduction zone settings such as the Nankai

accretionary prism, the reaction is already significantly advanced at depth ~1km below

seafloor, in the lower part of drilled section (Saffer and McKiernan, 2009). The

temperature window where oil and gas generation occurs is a function of the nature of

the organic matter buried as well as of the burial rate (Bordenave, 1993; Ungerer et al.,

1986). As, in worldwide subduction zones, OM is principally of type III (terrestrial

origin) (Larue, 1991), and the burial rate of sediments is “high”, with respect to oil basin

standards, OM thermal cracking starts in the temperature range 100-150°C, i.e. higher

than clay reactions. The associated low porosity-low permeability environment prevents

fluid leakage and is much favorable to overpressure buildup and preservation (Neuzil,

1995).



To study OM thermal cracking requires to reach depths beyond drilling in active

margins: the 150°C isotherm is located for example at ~10+2km depth in the Nankai

accretionary prism (Marcaillou et al., 2012), a relatively “hot” type of subduction zone,

and at larger depths in Costa Rica or Tohoku-Oki (Harris et al., 2010; Kimura et al.,

2012). Therefore, for such T domain the only reliable source of information lies in the

inner domains of fossil accretionary prisms eroded and exhumed to the surface. In the

three well-studied geological examples of the Franciscan Complex (Dalla Torre et al.,

1996), Kodiak Island (Vrolijk et al., 1988) and the Shimanto Belt (Raimbourg et al.,

2014b), fluid inclusions made of a mixture of salt water and methane, trapped in quartz

for T~250°C, have been described. The consistent occurrence of this mixture shows that

methane is sufficiently abundant to oversaturate the pore-filling water and to be

exsolved as a free phase in this temperature range. This evidence shows qualitatively

that the permeability was sufficiently low as to inhibit the migration of hydrocarbons

and gas at the depths of OM thermal cracking.

In this work we explore further the connection between OM thermal cracking and

overpressure in subduction zone. Similarly to Larue (1991), we propose to analyze fossil

and modern subduction zone sediments in parallel. First, the microthermometric and

RockEval analyses of material from the deep domains of a fossil accretionary prism, the



Shimanto Belt in Japan, are used to get insights into the nature and concentration of

OM and the overpressure recorded in the fluid. Second, the RockEval analysis of

worldwide samples is carried out as an input to an analytical model of OM thermal

cracking and fluid overpressure generation in subducted sediments. Finally, we discuss

on the basis of this model the possible connections between OM thermal cracking,

overpressure and seismogenesis in subduction zones.

3-Methods

3.1 Microthermometric measurements on fluid inclusions

Microthermometric measurements were carried out on fluid inclusions contained in

quartz veins. The selected quartz fragments were placed on a 200 pm-thick, 1.6 cm-wide

rounded glass window placed on the silver block of the Linkam heating-cooling stage.

Phase changes in the inclusions were observed using an Olympus BHS microscope

equipped with a x80 ULWD Olympus objective and recorded by a Marlin black and

white camera (CMOS 2/3” sensor, resolution 1280 x 1024 pixels?, pixel size 6.7um).

Temperature was measured using a class B Pt 100 thermistance. Temperature is

sampled every ~300 ms by a Eurotherm 902 controller which allows analogic output.

The temperature cycles of the stage (heating - cooling rate and temperature steps) are

controlled using a LabVIEW® computer program. In the vicinity of the phase transitions,



we chose slow heating rates of ~1°C/mn.

The stage was calibrated between -56.6° and 573°C against eight reference

temperatures. The standards used were either natural and synthetic fluid inclusions

(melting point of CO2 at -56.6°C; melting point of ice: 0°C) or solids: ceramics (solid —

solid transitions at 37° and 47°C in CsPbClsand at 180°C in Pbs(PO4)s; salt: b/g — a

transition at 147°C in Agl and subsequent melting at 557°C; mineral: a — b transition

in quartz at 573°C. Based on the calibration, the precision on measured temperatures is

around £1°C over the investigated T-range.

3.2-Analysis of organic matter

3.2.1 Rock-Eval analysis

Rock-Eval pyrolysis, a classical method for petroleum source rocks, was used to

determine the amount and quality of OM in sediments. Depending on the estimated OM

content, 50 to 100 mg of dried sediment was used for Rock-Eval6® (Vinci Technologies,

Rueil Malmaison) analysis. The inert pyrolysis program (oven 1) starts with an

isothermal stage of 2 min at 200°C. Then, the pyrolysis oven temperature is raised at

30°C.min! up to 650°C, and held 3 minutes at this temperature. The oxidation phase

(oven2) starts by an isothermal stage at 400°C then a ramp at 30°C.min"! up to 850°C,

with a hold for 5min.



The significance of the now classical Rock-Eval parameters was explained by Espitalié

et al. (1977). The Rock-Eval parameters used for this study are the following: The S1

and S2 parameters represent respectively “free” thermovaporized hydrocarbon (HC)

and “linked” pyrolysed HC produced during the inert pyrolysis (in mg HC.g-1 sample).

S3 parameter represents the CO and CO2 released during this inert pyrolysis (ovenl).

S4 parameter represents the CO and CO2 produced during the oxidative pyrolysis

(oven2). We deduce from the parameters S1, S2, S3 and S4 the Total Organic Carbon

(TOC, wt%). The TOC is also the sum of the Pyrolyzed Carbon (PC, deduced from inert

pyrolysis parameters) and Residual Carbon (RC, deduced from oxidative pyrolysis

parameters). The Hydrogen Index (HI, or mg HC.g! TOC) is the amount of HC released

during pyrolysis relative to TOC. The Oxygen Index (OI, or mg CO2.g! TOC) is a

measure of the oxygen content of the OM calculated from the amounts of CO and COz:

released during pyrolysis and normalized to TOC. Note that for TOC below 0.1wt%, the

values of HI and OI have to be considered with caution. Unlike previous instruments,

Rock-Eval6® measures the exact temperature experienced by the sample. The value

determined at the top of the S2 peak is called TpeakS2. Tmax is a well-established OM

thermal maturity indicator in ancient sediments.

3.2.2 Estimation of methane productivity



Methane productivity is defined as the potential for a sediment rock volume to generate
methane by cracking its whole OM stock into methane. Such virtual thermogenic
production of methane can be estimated from the generic reaction:
initial organic matter — residual organic matter + methane
or
CxH, — Cy, + nCH, (D

The initial stock of organic carbon C, of subsurface sediments (i.e. < 1km below sea
floor) is estimated from their TOC, while initial hydrogenation of OM (i.e. the atomic
ratio % = H/C,tom) is derived from their Rock-Eval HI (Espitalié et al., 1977). The mass

proportion (relative to unit rock mass) of hydrogen is given by %, the mass

TOC x H/Catom

TOCx H/C . . .
> = 3/ atom - Considering, for low porosity

proportion of methane is thus 4
rocks, a density of 2.7 103kg/m3, the methane productivity (in kg/m?3 of rock) is given
by 27 x

TOC x H/Catom
3 .

4-Fossil record of the composition and pressure of deep subduction

fluids
4.1 Choice of the field target
With the Franciscan Complex or Kodiak Island, the Shimanto Belt is one of the

most-studied examples of accretionary prism, where exhumed, fossil structures are

10



used to interpret the deep domains of modern subduction margins. In particular, the

inner domains of the Shimanto Belt have been used to study the nature of the deep

fluids (Kondo et al., 2005; Raimbourg et al., 2014b; Raimbourg et al., 2015; Sakaguchi,

1999; Yamaguchi et al., 2012) or the features of the deformation (Okamoto et al., 2006;

Raimbourg et al., 2014a). The Hyuga tectonic mélange is interpreted as having formed

as a result of shearing along the plate interface at depth (Raimbourg et al., 2014a).

Consequently, we carried out microthermometric measurements on fluid inclusions and

a RockEval study of organic matter from the Hyuga Tectonic mélange, to analyze the

physico-chemical properties of the fluid at the depths of organic matter cracking along

the plate interface.

4.2 Occurrences of methane-rich fluid inclusions

In the Hyuga Tectonic mélange (Fig. 1), pervasive quartz veining occurred throughout

rock evolution, in particular for peak burial conditions of 300-500MPa and ~250-270°C

and through the near-isothermal rock exhumation (Raimbourg et al., 2014b; Toriumi

and Teruya, 1988). All fluid inclusions are made of a mixture of salt water and methane,

in variable proportions. While in most of the Hyuga mélange unit, only one kind of

water-rich fluid inclusions are present, two types of inclusions, namely water-rich and

methane-rich ones, could be observed along the eastern coast, pointing to the

11



coexistence of two immiscible fluids at depth (Raimbourg et al., 2014b).

Methane-rich fluid inclusions are present in non-deformed quartz veins, postdating the

metamorphic climax and hence trapped along the retrograde path. The inclusions are

organized as secondary planes of inclusions (Fig. 1), corresponding to healed fracture

planes and recording therefore the P-T conditions during a short time interval.

4.3 Results of microthermometric measurements

We measured the temperature of homogenization of the methane-rich phase in several

fluid inclusion planes (Fig. 2), from which the density of the trapped fluid can be

calculated and an isochoric line can be drawn with the Loner software (Bakker, 2009).

The fluid P-T conditions of trapping can then be inferred from the fact that the rock was

exhumed isothermally and that there is no evidence for a large rock-fluid discrepancy in

temperature: trapping P-T conditions correspond to the intersection of the isochore with

the T=250°C isotherm.

Reproducing the procedure for each fluid inclusion in a given plane yields the range in

fluid pressure during the short time lapse for the fracture to heal. A difference in Th of

10°C converts into a difference in trapping pressure of ~50MPa. Considering for each

fracture in Fig. 2 the range of variations in homogenization temperatures, in most cases

the width of Th distribution is ~10°C, but it can be as large as ~20°C. Accordingly,

12



fractures are characterized by large, of the order of ~50-100MPa, variations in the

trapping pressure of the methane-rich fluid.

4.4-Results of RockEval analysis of organic matter

The amount of carbon released during pyrolysis (S1 and S2 peaks, or PC) is extremely

low in all samples, i.e. less than 0.1 mg/g of rock (Tab. 1). In contrast, the samples

contains a small, but significant amount of refractory carbon, estimated during the

oxidation stage (S3 and S4 peaks, or RC). These features show that Hyuga Tectonic

M¢élange rocks are very mature, i.e. the OM initially present in the Hyuga Tectonic

Mélange rocks has already been cracked and remains as carbon assemblages. This

maturity is in agreement with paleotemperatures as large as ~250°C experienced

during burial (Kondo et al., 2005; Mukoyoshi et al., 2009; Palazzin et al., 2016).

The average content of OM in the rocks is 0.37wt% (column TOC) and ranges between

virtually no OM up to relatively large concentrations (0.6 wt%) (Tab. 1). The TOC is

similar in samples near the coast (yellow samples), where methane-rich fluid inclusions

are present, to other samples of the Hyuga mélange. This average OM content is

reduced from the original content in unmetamorphosed sediments by an amount

corresponding to the hydrocarbons produced during cracking.

Considering a typical HI of 100 for pristine, subduction zone sediments (Fig. 5), yields

13



an original atomic ratio H/C,om of 0.6 (Espitalié et al., 1977). Equation (1) can then be
rewritten:

CyHyex = Cogsy + 0.15xCH,
The average content of 0.37wt% of refractory carbon converts into 0.46wt% of initial
TOC. Similarly, considering the sample richest in OM where we actually observed
methane-rich fluid inclusions (sample 102), its residual TOC of 0.59wt% converts into
0.73wt% of initial (=pre-cracking) carbon.
5-Nature and concentration of OM in modern subducting
sediments
To analyze the cracking of OM and the associated methane production in subducting
sediments, we analyzed with Rock-Eval the relative proportions of Carbon, Hydrogen
and Oxygen in the OM stock in various modern subduction zone sediments.
5.1 Choice of the subduction zones and tested material
To analyze the fate of subducted organic matter, we selected DSPD/ODP/IODP core
samples of sediments on top of subducting plates and bound to be subducted as part of
the slab (Fig. 3 and 4). We chose several zones worldwide, encompassing the variety of
seismic and structural features of subduction zones. First, the different zones can be

discriminated according to the presence (Costa Rica, NE Japan, Nankai, Alaska,

14



Cascadia) or absence (Barbados, Marianna) of historical record of large magnitude

earthquakes along the plate interface (Heuret et al., 2011; Kodaira et al., 2000; Lay et

al., 2011; Yue et al., 2013). Among the “seismogenic” subduction zone, two distinct types

are recognized. First, NE Japan and Costa Rica are characterized by a very small

Neogene accretionary prism, a thin sedimentary cover on incoming plate composed

mostly of pelagic or hemipelagic material and the subduction of most or all of the

incoming sequence (Kimura et al., 1997; Morris and Villinger, 2006; Shipley and Moore,

1986; Von Huene and Lallemand, 1990; Von Huene et al., 1980; Von Huene et al., 2004).

In contrast, Alaska and Nankai margins are characterized by a large Neogene

accretionary prism, abundant terrigeneous influx of sediments to the trench, a thick

sediment section at the trench, and the accretion of a variable proportion of it (Moore et

al., 2009; Moore et al., 2005; Moore et al., 1991; von Huene et al., 1998). Among the

aseismic subduction zone, Mariana, located far from any terrigeneous input, has only

locally a very small accretionary prism and most or all of the ~500m thick sedimentary

section, consisting principally in cherts and volcaniclastics, is subducted (Oakley et al.,

2008; Shipboard Scientific Party, 1990). Barbados is characterized by a large

accretionary prism, but the sedimentary sequence on top of the subducting plate at the

drill site (DSDP Site 543) is relatively thin because it is located in the north of the

15



margin, a zone poorer in sediments than in south (Westbrook et al., 1984). There,

sediment section is ~450m thick and is composed of clays and mud (Shipboard Scientific

Party, 1984).

In any case, we focused on the fraction of the sediment section bound to be subducted.

Therefore, in Costa Rica (Shipboard Scientific Party, 1997), SW Japan (Shipboard

Scientific Party, 2001a) and Barbados (Shipboard Scientific Party, 1984), we collected

samples below the décollement or its seaward projection (“protodécollement”). For NE

Japan (Shipboard Scientific Party, 1980) and Marianna (Shipboard Scientific Party,

1990) where the whole section is subducting, we analyzed the whole sedimentary

column. For Alaska, at the trench the underthrusted section below the décollement has

a thickness of ~700m (von Huene et al., 1998), which is also the thickness of the

sedimentary sequence on top of the oceanic plate far from the trench at DSDP site 178

(Shipboard Scientific Party, 1973). As a simplifying assumption, we considered therefore

that the whole section from Site 178 is equivalent to the subducting section. In all

studied cores, regularly spaced samples were collected along the whole studied length,

in order to get representative OM compositions of the sediment column to be subducted.

5.2-Results

5.2.1-Types of OM

16



Two end-member subduction zones can be discriminated based on their TOC (Fig. 6)

and HI/OI ratio (OI being the Oxygen Index) (Fig. 5 and Tab. 2): ocean-ocean subduction

zones, such as Marianna, are characterized by a large contribution of marine OM (Type

I, with large HI (~300-700), hence large H/C,om (~0.9-1.6), while ocean-continent

subduction zones, such as Alaska, which receive a large supply of detrital material from

the continent, including plant-derived type III OM, have a much lower HI (~100), and

hence a lower H/C,om ratio (~0.6). In parallel, ocean-ocean subduction zones are

deprived of OM, with TOC mostly below 0.1% (Fig. 6), while ocean-continent subduction

zones receive a larger supply of detrital OM, with TOC mostly in the range 0.1-1%. In

other words, the autochtonous, marine production of OM is very low (~0.1%) and

subduction zone sediments characterized by larger TOC have incorporated the external

supply of terrigenous OM.

5.2.2-Methane productivity

Methane productivity is at first order controlled by the total OM content (Fig. 6 and Tab.

2). Even if the OM of ocean-ocean subduction zones is richer in hydrogen than that of

ocean-continent subduction zones (Fig. 5), such variations are subordinate to the

amount of TOC, whose variations span over one order of magnitude from 0.1% in

Marianna and up to 0.5-1% in many other subduction zones. As a result, the TOC can be

17



used at first order as a proxy for methane productivity in subduction zones.

6-Model of thermogenic methane production

We only consider here the actual production of methane as a result of thermal cracking
of OM, in sediments on top of the subducting plate and below the décollement, which
are undergoing burial and temperature increase. We do not take into account the
biogenic production of methane, although it may be considerable in some instances,
because an unknown fraction of this methane may leak from the yet uncompacted upper
sediment column before entering subduction.

6.1Temperature/depth of cracking and associated porosity

The conditions of cracking are at first order controlled by temperature. The type III
organic matter that constitutes the largest component of the total OM stock in
ocean-continent subduction zones (Fig. 5) reacts to form methane principally between
150 and 250°C (Fig. 7). Given the large variability of thermal régimes in subduction
zones (Stevenson, 1993), we chose a depth of 10km for the isotherm 150°C as lower
bound. Indeed, this isotherm is crossed at 10+2km in Nankai, a relatively “hot” type of
subduction zone (Marcaillou et al., 2012), while it is crossed at ~20km depth along the
plate interface in Tohoku-Oki (Kimura et al., 2012), and at ~30km in Costa Rica (Harris

et al., 2010). Similarly, the compilation of metamorphic conditions of oceanic or

18



continental terranes subducted down to blueschist or eclogite-facies conditions show

that the gradient is always lower than 15°C/km (Agard and Vitale-Brovarone, 2013;

Agard et al., 2009).

The porosity corresponding to such large depths is not well constrained. There is a

wealth of data from core and log measurement from drilling in accretionary prisms, but

they are mostly restricted to depths above 1kmbsf, hence to large to moderate porosity

(e.g. (Hyndman et al., 1993)). Data at larger depths are much more limited and come for

example from shale basins, such as the Beaufort-Mackenzie Basin, Canada, where the

porosity at 4km depth drops down to 0-5% (Issler, 1992) or from the New Jersey coastal

plain, where shale porosity become lower than 5% below ~4km depth (Kominz and

Pekar, 2001). Similarly, compaction curves derived from the compilation of

porosity-depth curves by Sclater and Christie (1980) show that in worldwide basin

porosity is lower than 5% at 6-7 km depth. In addition, the additional tectonic loading in

convergent margin results in even larger compaction (Bray and Karig, 1985).

Furthermore, direct porosity measurements in the exhumed rocks of the Hyuga

mélange are around 2.5% (Tsuji et al., 2006). We therefore consider that the porosity of

subducting sediments for depths ~10km is lower than 5%, i.e. ~50kg of water per m3 of

rock.

19



6.2 OM stock in incoming sediments

Before being degraded by temperature, OM is firstly consumed by bacterial activity in

the shallow sediment column. To estimate the stock of OM available for thermal

cracking, it is necessary to subtract from the initial stock the fraction of OM consumed

by bacterial activity.

To assess quantitatively how much of the initial OM stock is consumed by bacterial

activity is very difficult (see Discussion 9.2). Considering the problem the other way

round, one can try to evaluate the minimum depth a sediment volume has to reach

before bacterial activity is sufficiently reduced so that OM concentration no longer

varies.

For this purpose, only sediment sections with a constant supply in OM can be

considered, which restricts strongly the possible sites. For example, in most sedimentary

columns belonging to accretionary prisms, the increase in TOC towards the seafloor

reflects to some extent the fact that the OM supply increases with the proportion of

terrigenous sediment as the deposition site gets closer to the subduction front.

To avoid this problem, we considered a few sequences of typical deep sea sediment

deposited at a constant distance from the continental source in time: this is the case of
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the Bering Sea IODP 323, sites U1343 and U1344 ), Alaska margin (IODP 341, sites

U1419 and U1420 (Expedition 341 Scientists, 2014)), and Mexican Gulf drill sites

(IODP 308, site U1324 (Expedition 308 Scientists, 2006)). These hemipelagic sediments

sections are all relatively rich in clay, contain OM principally in the range 0.5-2.5wt%

and span a large depth range in order to assess the TOC evolution within the sediment

column as a result of bacterial activity (Fig. 9).

This compilation shows that the decrease in TOC, as a result of bacterial consumption,

is concentrated in the first hundred meters of sediments. Deeper in the sediment (.e. in

most sediment cores analyzed in Tab. 2), if bacteria may be present, we consider that

they do not significantly modify the stock of OM (this hypothesis is further discussed in

9.2). As a result, the OM stock in incoming sediments below ~100mbsf can be considered

as a good estimate of what reaches cracking depth and is transformed into methane.

6.3 OM available for thermal cracking

We consider a typical sediment of ocean-continent subduction zones, with a significant

terrigenous input, hence prone to produce methane: in modern examples, TOC is often

close to 0.5wt% but can go up to 1wt% (Fig. 6, SW and NE Japan, Costa Rica and

Alaska), similarly to worldwide values compiled in (Larue, 1991).

This amount is estimated in core samples mostly below 100mbsf (Fig. 4), it corresponds
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therefore to the OM stock after most of the bacterial consumption has occurred. This
stock is bound to be subducted with limited variation down to the much larger depths
where thermogenic cracking occurs.

Similarly to these values in modern sediments, the fossil sediments of Hyuga contain up
to 0.6wt% of residual carbon, which converts according to Eq. 1 into 0.7wt% of available
TOC before thermal cracking (section 4.3).

6.4 Types of models

We consider in the following two different models. The first one is based on the
hypothesis that the permeability field at cracking depths is so low that the system is
closed in terms of fluid flux. It enables to derive analytically the maximum overpressure
that can be produced in the subducting sediments. A second, 2D numerical model,
consists in a parametric study of the actual overpressure as a function of the
permeability field. It enables to determine the conditions on the permeability for
significant overpressure to develop.

7-Models of methane production — closed system

The first, simplest model consists in considering that, at cracking depths, the
permeability is too low for a significant flux of fluid (water and methane) to get out of

the rock. If not realistic, it provides the order of magnitude of the overpressure that can
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be generated, as well as the physico-chemical state of the fluid wetting the rocks at

these depths.

7.1 Unmixing of methane

Considering a typical sediment from continent-continent subduction zones, its methane

production by OM thermal cracking ranges approximatively as 1-3kg methane (60 to

190mol) per m3 of rocks (Figs 4 and 5).

As produced, methane is dissolved into the pore-filling water of sediments with a

porosity lower than 5%. Methane solubility in pure or seawater (Fig. 10, calculated from

Duan and Mao (2006)) is only well constrained up to 200MPa, but as it is mostly

dependent on temperature, one can extrapolate solubility to larger pressures/depths. At

250 °C, methane solubility ranges up to 1.5mol/kg of water, hence the water contained

in a pelitic sediment with 5% porosity can dissolve up to 75mol of CH4/m3 of rock. The

comparison between the storage capacity of dissolved methane (75mol/m3 of rock) and

the potential production (60 to 190mol/m3 of rock) shows that for standard incoming

material and temperature conditions, cracking of OM in subduction zones produces a

sufficient amount of methane to saturate the pore-filling water.

7.2 Overpressures

Let us consider again a typical sediment of ocean-continent subduction zones, with a
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significant terrigenous input, hence prone to produce methane: in modern examples,

TOC is often close to 0.5wt% but can go up to 1wt% (Fig. 6), similarly to worldwide

values compiled in (Larue, 1991). Similarly, the fossil sediments of Hyuga contain up to

0.6wt% of residual carbon, which converts according to Eq. 1 into 0.7wt% of initial

(pre-cracking) TOC (section 4.3). In parallel, we consider 2.5-5% as the porosity range

relevant for the depths where cracking occurs.

7.2.1 Calculation procedure

The calculation of fluid pressure variation associated with a chemical (thermal cracking

of OM) or physical (methane degassing of the aqueous fluid contained in the pores)

process can be calculated according to the following scheme, which corresponds to a

closed system evolution:

-Estimate 68V, the net production of volume associated with the process

-Calculate &8P;, the increase in fluid pressure, so that &V;(8P), the variation in pore

space associated with the pressure variation, obeys 6V; + 6Vy = 0, i.e. all the volume

produced is accommodated within the rock volume.

The function 8V;(6P) is the sum of the volume variations of the bulk rock, the water in

the pore and possibly the degassed methane if present. Its derivation is exposed in

7.2.1.1 and is used in 7.2.1.2 and 7.2.1.3 to estimate the fluid pressure variations
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associated with the cracking of OM and degassing of the pore fluid, respectively.
7.2.1.1-Processes controlling the pressure variations in a rock with low porosity
The accommodation of an extra volume within the pores of a given volume of rock
results in an increase in fluid pressure, which can be calculated knowing the storage
capacity of the pore fluid, the bulk rock and additional gas if present.
(1) Storage by compression of pore fluid
The storage capacity of the fluid contained in the pores (defined per m? of rock) is a
function of the volume of fluid and of its compressibility. Considering for the sake of
simplicity pure water, at 200MPa and 200°C, the isothermal compressibility of water is
(Wagner and Pruss, 2002):
LNV 39 10=4/MPa
VoP,
If the rock porosity is 5%, it contains 50L of water per m3 of rock, hence the storage
capacity a,, related to pore water compression is:
a,, = 19.5cm®/MPa/m3
If the rock porosity is 2.5%, then storage capacity a,, is:
a,, = 9.75cm®/MPa/m3

(2) Storage by increase in pore space

The storage capacity of the rock corresponds to the excess pore volume it can create for a
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given increase in pore fluid pressure. For the sake of simplicity, we consider in what
follows only isotropic rocks. In poroelasticity, the volumetric strain 6 can be expressed

as a function of confining pressure P, and fluid pressure Pf (Nur and Byerlee, 1971):

9—1P ! 1P
_KC (K Ks)f

where K is the effective (=dry) bulk modulus of the rock and K; the modulus of the

rock without pore (i.e. solid grains). As this strain is positive in compression, the storage

. . 560 101
capacity ,oqx 1s simply defined as .o = — e _(E i K—).
f s

Assessing a,,.; 1mplies to estimate K and K, K can be deduced from seismic
velocities as K = p(}? — gl/;z). In the Hyuga mélange rocks where methane-rich fluid
inclusions were described, the velocities measured by (Tsuji et al., 2006) yield bulk
modulus between 20 and 30 GPa, hence we take an average of 25 GPa. Note that it is a
gross approximation, as the velocities differ depending on the direction with respect to
foliation, hence the rock is not isotropic. Now, the solid grain elastic modulus K
incorporates all the grains constituting the rock, with varying lithology, size and
morphology. Though its exact value is impossible to assess, an estimate can be found
considering the bulk modulus of quartz, its major component: K, for quartz is of the
order of 38 Gpa (Levien et al., 1980). Note that true K, should be slightly higher, as

phyllosilicates present in the rock have a lower compressibility (for example K, for
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muscovite is of the order of 60 GPa (Ortega-Castro et al., 2010)).
With these values, the volume increase of the rock can be estimated as
1 -1
Qrock = % GPa
In other words, volume reduction for a pore fluid increase of 70 MPa is 103, hence 1m3
of rock reduces of 1000 cm3. Storage capacity is thus:
Arock = 14cm® /MPa/m,
(3) Storage by compression of gaseous methane

If methane is present, its compression adds additional storage capacity to the rock

(Duan et al., 1992), which depends on the amount of methane contained:

OVCH4

3P, ~ —6 10~%cm3/mol/MPa

For a TOC of 0.5%, the OM considered produces 135mol of CH4 per m3 of rock (see
calculations below), hence the storage capacity of the methane is:

acps = 8.1cm®/MPa/m3
The total storage capacity ap,, of a rock is finally given by:

Apuik = Aw + Arock T Acha
For a porosity of 5% and a TOC of 0.5% as well as for a porosity of 2.5% and a TOC of
1%,

Ay ~ 40cm®/MPa/m}
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7.2.1.2-Pressure variation during fluid degassing

Let’s consider a solution made of 1L of water and dissolved CH,, where the
concentration of CH, exceeds the solubility limit by 1 mol per liter of water.
When degassing occurs, the increase in volume 8V, of the system at P and T constant is
simply:
8V = Ven, — vlCH4

where Vg , 1s the molar volume of CH, (in L/mol) as a free phase and VLH4 is the
partial molar volume of CH, when dissolved in water. At 200MPa, i.e. at the upper limit
of the model by (Duan and Mao, 2006), which uses the equations of state of Duan et al.
(1992) for pure CH, and Spivey et al. (2004) for H,0-NaCl, 200°C and sea-water
salinity,

8V = Veu, — VICH4 ~ 3cm3/mol
This implies that the mechanical mixture of 1L of water and 1mole of free CH, phase
has a larger volume than when this mole is dissolved into the water. The actual volume
increase can in turn be estimated, knowing the amount (in moles) of CH, produced by
the breakdown of OM that exceeds the solubility limit, which is, in seawater at 200°C
and 200MPa, 0.93mol/kg water.

Considering a sediment with a TOC of 0.5% and a porosity of 5%, it produces 135mol of
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methane (see below), of which 88 are in excess with respect to saturation. The

associated net volume increase is 8V =265cm3®/m3,, . The corresponding fluid

overpressure 0Py is given by:

~ 6MPa

oV
SPf_ Xpuik

For a TOC of 1% and a porosity of 2.5%, a similar calculation gives:

SPf ~ 18MPa

7.2.1.3- Pressure variations associated with cracking of OM
Let’s consider the reaction of cracking of OM as:

CxH, = Cy, +nCH,
We seek the variation in volume (per unit mass) AV, associated with this reaction.
As the precise nature of reacting OM is not known, we look for an upper bound on AV,
by considering a minimum density for the reactant: For example, vitrinite, a typical
component of type III OM, has a minimum density of 1.28g/cm? (massic volume 0.78
cm?/g) (Van Krevelen, 1961). For type III OM, considering relatively evolved material
with a HI as low as 50 mg HC/gC.org (Tissot and Welte, 1978), density is ~1.35g/cm3
(massic volume 0.74 cm3/g) (Okiongbo et al., 2005). Pure carbon is considered as
graphite, with a density at most 2.23g/cm® (massic volume 0.45 cm?/g) (Roberts et al.,

1990). Molar volume of methane is, at 200MPa and 200°C, ~0.34g/cm? (2.94cm3/g)
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(Duan et al., 1992).

Considering the typical reactant with a HI of 50 mg HC/gC.org, its atomic ratio H/C is of
the order of 0.5, hence y = g (Espitalié et al., 1977).

For the sake of stoechiometry, the reaction of cracking can therefore be rewritten as

X

C.Hx - C7x +=CH,
5 =78

8
Let’s consider 1 mole of starting OM, which produces x/8 mol of CH4. The weight of
starting material is (275 x)g, the weight of produced methane is (2x)g and the pure
carbon produced weighs (% x)g.

Now let’s consider 1g of material is reacted, with a volume comprised between 0.74 and
0.78cm?3: it produces %g of CH4 , with a volume of 0.47cm® and %g of C with a volume
of 0.38cm?3, hence a total volume of 0.85cm?® for the reaction products. There is therefore
a volume increase of ~0.1cm3/g of OM.

Considering a sediment with a TOC of 0.5% and a porosity of 5%, 1m3 of sediment has a
weight of 2.7 103kg and contains 13 500g of OM. It produces, upon cracking, 2160g (135
mol) of CHy, i.e. a volume of ~6150cm3.

From these 135 moles of methane produced, 46 mol are dissolved into water. The

remaining methane (89 mol) has a volume of 4190cm3 and corresponds to the total

production of methane as a free phase (per m3 of rock).
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Now, considering the net volume production, i.e. the volume variation associated to the

reaction, cracking 13 500g of OM results in a volume increase of 1350cm3. In addition,

the dissolution of a fraction (46 moles out of 135) of the produced methane into the

pore-filling water results in an associated volume loss of 140cm3. The net volume

variation 8V, considering cracking+CHa dissolution, is therefore 1210cm® per m3 of

rock.

The associated fluid pressure variation can be calculated from the net volume variation.

oV
8Pf= ~ 29MPa

Xpulk

If now the TOC 1s 1% and the porosity 2.5%, the sediment produces 270mol of CH4 and
the net volume variation is 2630cm3. The associated fluid pressure variation is:

oV
6Pp= ~ 66MPa

Xpulk

7.2.2-Summary

Under the closed system hypothesis, thermal cracking of OM to produce methane

results in a pressure increase (see 7.2.1). The first source of overpressure is related to

the exsolution of methane from the water in which it is dissolved: methane

concentration within the pore water slowly increases along with thermal cracking, until

reaching then exceeding solubility. Once overstepping is sufficient, rapid unmixing of

the methane as a free phase (i.e. “bubbles” of supercritical methane in water) and drop
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in the concentration of dissolved methane back to solubility occur. This process is
extremely rapid and results in overpressures, as the density of methane is larger as a
dissolved species in water than as a free phase (see 7.2.1.2). Overpressure amplitude
depends on the amount of methane dissolution in excess of solubility value, which is not
well constrained. Considering as an upper bound that all the methane produced is first
dissolved in the pore water before instantaneous unmixing, this overpressure can be as
large as ~18 MPa (see 7.2.1.2). The second source of overpressure, simply related to the
change in volume of the products compared to that of the reactants of Eq. 1, results in
overpressures in the range 29-66MPa (see 7.2.1.3). As it results from progressive
burial/T increase, the typical time scale for the pressure buildup associated with
thermal cracking is the million years.

8-Models of methane production — drained system

A more realistic estimate of the fluid pressure buildup in subducting sediments requires
to consider, in addition to fluid sources as a result of cracking, fluid pressure dissipation
as a result of flow out of the rocks. Two main paths of outflow are considered: (a) upward
flow within the hanging wall and (b) lateral flow with the décollement and its associated
damage zone. A first model (model 1) considers only path (a), while model 2 considers

the combination (a+b). In each case, we estimate upper bounds on permeability values

32



for significant overpressure to develop.

8.1-Model setup

8.1.1 Geometry and physical parameters

The subducting sediments have a thickness of ~90m (Fig. 8), comprising an upper

horizon, of thickness of ~30m, accommodating all the strain between upper and lower

plate. The subduction dip angle is 10°, the thermal gradient along the plate interface is

~15°C/km. The subducting sediments enter the modelled box at a depth of 10km and

exit it at a depth of 13km, so that they pass through the 150-200°C temperature range,

where we consider that most OM is cracked and methane is produced. The horizontal

size of the box is 17km. The subduction velocity is 5cm/yr. The dynamic viscosity of the

fluid is calculated at 300MPa and 150°C as 2.5 104Pa.s (Wagner and Pruss, 2002).

Modelling has been performed with with the Comsol Multiphysics™ software (finite

element method).

8.1.2 Fluid source

Considering a sediment with a TOC of 0.5% and a porosity of 5%, 1m3 of sediment,

produces upon OM thermal cracking and methane generation a net pore volume of

1210cm?® (see 7.2.1.3). The net production of pore volume over the whole control domain

per year is equal to the difference between the material entering the control domain
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(Vin) and the material leaving it, hence 1210cm3xVin. Vin (per year and per meter

parallel to the margin) is 90mx5cmx1m = 4.5m3, the pore volume production per year is

~51073m3. The whole control volume is 100m x 17000m x1m. The resulting volume

production, in other words the source term in porous flow equation, is therefore ~1016

m3/m3 of rock/s.

8.1.3 Permeability field

The dissipation of overpressure produced in the control volume of subducting sediments

results from the flow out of fluid following two main paths: (1) a vertical flow through

the upper plate domain and (2) a lateral flow through the décollement zone, which could

constitute a more permeable horizon. To account for these two distinct contributions, we

run two kinds of models. In the first class of models, the décollement zone has the same

permeability as the upper plate, hence all fluid outflow is vertical through the upper

plate. In the second class of models, we fixed an increased permeability to the

décollement zone to allow the lateral outflow.

The permeability in the clay-rich subducting sediments varies in the range 1020 to

1022m2, i.e. very low values, corresponding to the low-porosity, clay-rich nature of the

rocks (Neuzil, 1994; Saffer and Bekins, 2006). This value plays a minor role in the

pressure dissipation, as the sediment layer is really thin and cannot, whatever its
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permeability, efficiently retain the overpressure (see 8.2.1).

The permeability in the upper plate varies over the range 10718 to 10-22m2. In the second

class of model, the permeability of the décollement varies in the range 1014 to 102tm?2.

8.1.4 Initial and boundary conditions

In the initial conditions, the pore fluid pressure is everywhere hydrostatic. It increases

with time as a result of the source of fluid. The lateral boundaries are impermeable to

the flow in the first class of models, as the problem is principally unidimensional in the

vertical direction. In the second class of model, the lateral boundaries are also

impermeable, but for the right boundary of the décollement zone, where hydrostatic

pressure conditions are prescribed to allow the flow out through the décollement zone.

8.2-Results

We consider in the following pore pressure profiles when the system has reached a

steady state, i.e. when fluid outflow is equivalent to fluid source. Fluid overpressure

(AP) is defined as the difference between actual (Py) and hydrostatic fluid pressure

(Pt hya).

8.2.1 Models with no flow through the décollement

In this model, all the flux is vertical and the overpressure iso-lines are horizontal. The

maximum overpressure is located in the deepest points of the model (Fig. 11) and its
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amplitude varies with the permeability of the upper plate (Fig. 12). The development of

large, i.e. >10MPa, overpressure in the subducting sediments and above, requires

permeability in the upper plate lower than ~2 1021mz2,

8.2.2 Models with significant flow through the décollement

Considering conditions where the upper plate has a sufficiently low permeability to

enable overpressure build-up, the drainage through the décollement zone is efficient

only when its permeability is higher than ~108m2 (Fig. 13 and 14), while lower

permeability results in significant overpressure development in the subducting

sediments.

9-Discussion

9.1-Methane as a free phase in subduction fluids

Our analysis of OM evolution and methane thermogenic production during burial shows

that methane unmixing from aqueous pore waters is not a rare phenomenon but can be

expected for most subduction zone sediments, which receive a significant terrigenous

input. Indeed, similarly to the example provided by the Hyuga mélange rocks, which

contain an amount of OM typical of modern subduction zones (see 4.3), occurrences of

methane-rich fluid inclusions are reported from worldwide fossil subduction zones,

including the Shimanto Belt (Sakaguchi, 1999), Kodiak in Alaska (Vrolijk et al., 1988) or
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the Franciscan Complex (Dalla Torre et al., 1996). The typical deep fluids from

accretionary prisms can therefore be described chemically as a mixture of salt water

and methane and physically as a two-phase mixture, one being water-rich and the other

one being methane-rich. The stability domain of CHsrich fluids is limited to

temperatures of ~300°C and the Central Alps show a clear transition with increasing

grade of H2O+CH4 mixtures into H2O+CO2 ones (Mullis et al., 1994).

The trapping of CHa-rich fluid in inclusions in Hyuga quartz veins occurred during the

rock retrograde evolution, hence not directly on the plate interface. But as these rocks

followed a nearly isothermal retrograde evolution, their OM was completely refractory

at the time they were wetted by the methane-rich fluids. We interpreted therefore these

fluids as percolating from the plate interface (Raimbourg et al., 2014b), where OM

thermal cracking and methane production are concentrated. Earthquakes along the

plate interface and associated damaging provide therefore a plausible process to

account for the instantaneous pressure drop recorded in fluid inclusions (Fig. 2).

9.2- Budget of hydrocarbons in subducted sediments

The generation of overpressure as a result of OM thermal cracking within subducted

sediments is controlled by the flux in, i.e. the OM content of the sediments reaching the

conditions of OM thermal cracking, and the flux out, i.e. the leakage of hydrocarbons as
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they are produced.

9.2.1 Flux in: organic matter in subducting sediments

To estimate the influx of organic matter entering subduction, we assumed that bacterial

OM degradation was mostly efficient in the upper few hundred(s) meters of sediment, so

that the average TOC value in the deeper part of drill sites (0.5wt%) is representative of

the remaining OM available for thermal cracking (Fig. 6 and Tab. 2). Although this

value is clearly in the lower range of worldwide TOC concentrations compiled by Larue

(1991), it is important to discuss the validity of this assumption given its importance in

the model. With increasing depth, bacterial proliferation (and OM consumption)

becomes limited by the availability of electron acceptors, itself controlled by their rate of

downward diffusion from seawater. The assumption of limited bacterial OM

consumption below a certain thickness of sediments is supported by the observed

distribution of bacteria with depth, showing in general a strong decrease in bacteria

concentration beyond a few tens of meters of sediments (Parkes et al., 2000). Of course,

there are counterexamples, in particular in deformed sediments where fluid advection

may supply nutriments to greater overburden depths. This is the case in the Nankai

accretionary prism, where certain sites show large and uniform concentrations in

bacteria over the entire cored section (e.g. the ~500m-longcores in Sites C0004
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(Expedition 316 Scientists, 2009a) or C0007 (Expedition 316 Scientists, 2009b)). The

majority of drill sites show that these counterexamples, however, are exceptions to the

rule, and that metabolic activity vanishes within few 100s meters under the sea floor.

This is the case in the west African margin showing a sharp peak in methanogenesis at

~100mbsf, then a drop toward negligible values below 200mbsf (Sivan et al., 2007). In

Nankai Trough Site 1175 (D'Hondt et al., 2002), the sulfate, methane and bacteria

concentration profiles with depth shows that the associated metabolic activity is mostly

confined to the first 100m of sediments (Shipboard Scientific Party, 2001c). In deep

ocean sediments from the Woodlark Basin , direct measurements of methanogenesis

rates have been carried out under experimental conditions, and show a tenfold decrease

in methanogenesis rates over the first 200mbsf (Wellsbury et al., 2002). At IODP site

C0009, in the fore-arc basin of the Nankai Trough area where gas hydrates are present

(Moore et al., 2009), the amount of in situ methane produced by the bacteria and

contained in the sediments section richest in methane (1050-1250mbsf) is

10-20LcH4/Lsediment, hence a mass proportion of ~0.5wt% (Wiersberg et al., 2015). In the

same interval, the TOC ranges between 2.5 and 5wt%, five to ten times larger than our

preferred value, suggesting that the OM influx considered in our model is indeed

conservative. In this perspective of keeping our model conservative, it is also important
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to recall that we neglected the influx of biogenic methane in the subduction because of

its possible leakage, although it may considerably increase the total methane budget

and fluid overpressure.

9.2.2 Flux out: hydrocarbons vented out of subducting sediments along with thermal

cracking

The schematic evolution of subducting sediments, in terms of hydrological properties, is

closely correlated to its porosity and permeability decrease along with burial (Neuzil,

1994): From a high-porosity, high-permeability open system near ocean floor, it evolves

towards a low-porosity, low-permeability closed system at depth. Indeed, significant

fluid expulsion in the shallow part of accretionary prism is evidenced for example by

heat flow data or cold seeps and mud diapirs (Henry et al., 1992; Henry et al., 1996;

Kastner et al., 1991; Shipley et al., 1990). In addition to this shallow source of fluid

produced principally by sediment compaction and reduction of pore spaces (Le Pichon et

al., 1993), geochemical analyses of pore fluid in drilled cores point in many instances to

the additional contribution of a deeper source of fluid, evidenced by the fluid low salinity

(Gieskes et al., 1990; Kastner et al., 1991; Saffer and Tobin, 2011), This “deep” fluid,

focused along the décollement, carries hydrocarbons formed by thermogenic cracking of

organic matter, as shown by the §13C of dissolved methane in Barbados (Vrolijk et al.,
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1990) or by the presence of propane in costa Rica (Morris and Villinger, 2006). Therefore,

the sediment is still leaking at the depths of organic matter thermogenic cracking

(~150-200°C, see Fig. 7), even though the porosity and permeability are reduced.

Quantifying such leakage is difficult, because most of the gases dissolved in the pore

fluid are lost upon core recovery. In Costa Rica, where propane was identified within the

décollement, gas sampling technique does not allow for an estimate of the gas content

with respect to a given fluid or rock volume (Haeckel, 2006), hence does not allow

quantifying the hydrocarbon flux out of the OM thermal cracking zone.

An indirect analysis of the fluid and gas flux within subducting sediments during burial

1s provided by the geochemistry of cold springs through serpentine mud volcanoes in the

Mariana Trench (Mottl et al., 2004). The systematic geochemical trend with distance

from the trench shows that the fluid mixing along the subducting interface is limited,

for T condition of the order of 150°C. Similarly, in metapelites from the Shimanto Belt,

the Franciscan Complex or Kodiak, oxygen and carbon isotopic features of the veins

formed in the T range 150-350°C point to local buffering by host-rock (Brantley et al.,

1998; Lewis and Byrne, 2003; Raimbourg et al., 2015; Sadofsky and Bebout, 2001). This

set of observations suggest that percolation of fluids, which would homogenize the

geochemical signatures of the subducting sediments, is much restricted. It supports a
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model where the leakage of fluid and hydrocarbons from the depth of OM thermal

cracking to the surface is limited. Therefore, if such leakage is undisputably attested by

ODP/IODP measurements of the chemistry of pore fluid in cores from shallow depth, it

1s probably not sufficient to release most of the overpressure generated by OM thermal

cracking at depth.

9.3- Fluid pressure distribution

9.3.1 Permeability field

The numerical modelling developed in section 8 provides estimates of maximum

permeability required for the significant overpressure to develop, that are ~2 10-21m? for

the upper plate (Fig. 12) and ~10'18m? for the décollement zone (Fig. 14), both conditions

to be fulfilled simultaneously.

9.3.1.1 Upper plate permeability

In modern and fossil accretionary prism, the nature of the upper plate nature is

variable, for example igneous rocks in Costa Rica (Vannucchi et al., 2001) or sediments

in Shimanto Belt (Raimbourg et al., submitted), which might influence its permeability.

In the Costa Rica example, the “reference” hydrological model by Spinelli et al. (2006)

includes an upper plate with a permeability of ~102m2, but a larger range of

permeability (107185m?2 to 102'm2), including the values calculated here as necessary to
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permit overpressure, actually fits the model constraints.

For sedimentary/metasedimentary upper plate, Saffer and Bekins (2006) consider in

their generic model that permeability is controlled by the porosity and the nature of the

material. Based on the compilation of Neuzil (1994) for clay-rich material, the linear

log(permeability)-porosity relationships of Saffer and Bekins (2006) predict, for clay

fraction in the range 10-100% and porosity below 5%, a permeability in the range 1022 —

3. 1021m2. Such a very low permeability in argillaceous rocks is further supported by

permeability experiments on illite-bearing shales (Kwon et al., 2004) or on a large range

of mudstones (Yang and Aplin, 2007, 2010). In contrast, sandstone-rich material have a

permeability that is higher, by several orders of magnitude, than clay-rich rocks (Nelson,

1994).

As a consequence, in sedimentary and metasedimentary wedges, the condition for upper

plate permeability to be as low as ~1021m? at large scale is that (i) mudstone-rich units

are abundant (ii) the more permeable, sandstone rich units do not form a connected

network from 10km depth to the surface.

9.3.1.2 Décollement zone permeability

The other condition for overpressure to develop as a result of OM thermal cracking is a

relatively low permeability décollement, at most ~10-18m2,
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These low values are relatively counter-intuitive with respect to the classical picture of

the tip of accretionary wedge, where the décollement zone is considered as a drain

focusing the flow out of the accretionary prism (Saffer and Tobin, 2011), with

permeability in the range 104 to 107m2 (Henry and Le Pichon, 1991; Saffer and

Bekins, 1998; Spinelli et al., 2006). These values are constrained partly by modelling

solute concentration profiles (Saffer and Bekins, 1998; Spinelli et al., 2006) or by direct

permeability measurements (Bekins et al., 2011), both at low depth (<1kmbsf), so that

they are relevant for the relatively shallow portion (~a few kms depth) of the

accretionary prism.

The evolution of décollement permeability at larger depth (z>10km) is difficult to

determine, but estimates can be proposed, based on its structure and lithology.

The décollement structure, in its very shallow termination, has been described in ocean

drilling campaigns. For example, in the Japan Trench, a 1m-thick scaly clay is defined

as the main slip zone, surrounded by a ~10m-thick zone of increased deformation (dark

seams and bands) (Chester et al., 2013). In Nankai (Shipboard Scientific Party, 2001a)

and in Barbados (Maltman et al., 1997), the décollement zone is 30-40m thick, with

brecciated horizons and in Barbados, localized horizons showing scaly clay and S-C

fabrics. In any example, the décollement zone is a horizon with a thickness of at least
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10m where fracturing and brecciation concentrate, with a relatively heterogeneous

internal structure in terms of deformation intensity.

Further away from the trench, direct sampling is impossible and one has to rely on the

examples provided by tectonic mélanges within fossil structures on-land. In particular,

the Mugi mélange within the Shimanto Belt is interpreted as a tectonic unit deformed

along the plate interface during subduction, for temperature conditions of the order of

the ones considered for OM thermal cracking (Kitamura et al., 2005). Internal

deformation is highly heterogeneous, with meter-scale fault zones cutting across

domains of tectonic mélange affected by a penetrative network of smaller-scale faults

and shear zones (Kitamura and Kimura, 2012). Paleodécollement zone at depth are

therefore similar to the shallow fault structure, with large-scale faults embedded in a

penetratively and finely deformed domain that can be interpreted as the “damage” zone.

The permeability of the deformed zone is much different in the core and in the damage

zone. Fault cores, where material is comminuted to a very small grain size, has a

permeability that is relatively small, of the order of 10-18m2 parallel to the fault zone to

102'm? perpendicular to it (Faulkner and Rutter, 2003; Morrow et al., 1984). The

permeability of the damage zone is possibly much higher, as a result of the network of

fractures formed (Faulkner et al., 2010). Experiments show an increase up to 2-3 orders
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of magnitude with respect to unfractured, initial material (Mitchell and Faulkner, 2008;

Uehara and Shimamoto, 2004), while measurements in natural faults also show several

orders of magnitude increase between fault core and damage zone (Wibberley, 2002).

But these consideration are derived from faults in coarse-grained crystalline rocks and

it is not clear to which extent they apply to very fine-grained, clay-rich

metasedimentary rocks of low grade. Fracturing experiments in low-porosity shales

sampled near the Chelungpu fault did not result in a significant increase in

permeability, which remained close to its initial low value of ~10'19m2 (Chen et al., 2009).

Similarly, faults in deep (up to 4km depth), clay-rich samples from the North Sea and

the Norwegian Shelf are made of phyllosilicates (clay smears), with a very low

permeability (~1020m?). Furthermore, the fracture permeability in shale is highly

dependent on the effective pressure, with a decrease by 2-3 orders of magnitude for Peff

in the range 0-40MPa (Chen et al., 2009). The fracture permeability of the damage zone

in very fine-grained, clay-rich metasediments forming the décollement zone at OM

thermal cracking depth, such as the Mugi mélange (Kitamura and Kimura, 2012), can

in these conditions be as low as ~1018m2, in which case overpressure development in

subducting sediments and at the base of the upper plate, is possible.

9.3.2 Sources of fluid at T>150°C: OM thermal cracking vs. smectite-to-illite reaction
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Overpressures in subducting sediments are reported in a large depth range (Saffer and

Tobin, 2011) and below a few km depth they mostly depend on dehydration reactions.

For sediments, the most significant dewatering reactions involve silica phase and clays.

The opal-to-quartz transformation is completed at ~100°C (Spinelli et al., 2007), while

the smectite-to-illite reaction proceeds principally in the range 50°-150°C (Pytte and

Reynolds, 1989). Therefore, deeper than the isotherm 150°C and down to ~300°C, fluid

sources include the last increments of the smectite-to-illite reaction and the thermal

cracking of OM.

Estimating the former fluid source requires to assess the temperature dependence of

the smectite-to-illite reaction. The analysis of reaction progress in natural sedimentary

basins show that above ~150°C the smectite content in interstraified I/S is only 10-20%

at most (Huang et al., 1993; Pollastro, 1993; Pytte and Reynolds, 1989; Velde and

Vasseur, 1992).

The smectite proportion in subducting sediments and décollement zone is highly

variable from negligible to above 90% (Vrolijk, 1990). In their model of smectite-to-illite

reaction in the Nankai subduction zone, Saffer et al. (2008) considered a proportion of

45% of smectite in whole rock.

The volumetric proportion of water in smectite depends on pressure and temperature,
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with relationships that are not well constrained (Ransom and Helgeson, 1994a; Vidal

and Dubacq, 2009). We assume as an upper bound that it contains a volumetric

proportion of ~20% of water (Saffer et al., 2008; Spinelli and Saffer, 2004) |,

corresponding to two layers of water in interlayer space.

The resulting volume of water bound to smectite above ~150°C is ~1-2% in volume of

total rock, for sedimentary rocks with a large (~50%) proportion of smectite. This

compares to, or is slightly larger, than the average volume of methane generated by OM

thermal cracking, of the order of 0,6% of rock volume (~6150 cm3/m3 of rock, see 7.2.1.3).

This estimate of the total stored fluid (either water or methane) disregards how the

release rate of fluid varies with temperature: OM thermal cracking and methane

production peaks around 180°C for rapid burial (Fig. 7), while water released by

smectite-to-illite reaction constantly decreases with T, in the range above 150°C (Saffer

and Tobin, 2011). The generation of fluid by OM thermal cracking may therefore become

the major source of fluid for temperatures above 180-200°C. Smectite-to-illite reaction is

unfortunately too complex a reaction for available kinetic models (Huang et al., 1993;

Pytte and Reynolds, 1989; Velde and Vasseur, 1992) to faithfully reproduce the “tail” of

the reaction, i.e. the domain where smectite fraction become very small.

Furthermore, following the approach by Neuzil (1995), the generation of overpressure
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from the diagenetic transformations requires considering not the fluid production, but

rather the total volume variation resulting from the reaction. This quantity, which we

called net volume production, is the one we used in our numerical model of overpressure

generation (section 8). It is only a fraction of total fluid produced, as the production of

fluid is compensated by a decrease in the volume of the solid phases. In the case of OM

thermal cracking, the net volume production is only 1/5 of the total fluid production

(~1200 cm3/m3 of rock vs. ~6150 cm3/m3 of rock, see 7.2.1.3). The same considerations

apply to smectite-to-illite reaction, which requires to know the difference in water

density between interlayer and bulk state.

At high P and T, interlayer water volumetric mass is extremely poorly constrained

(Colten-Bradley, 1987). Even at ambient P and T, it is only indirectly estimated as

17.22c¢cm3/mol (Ransom and Helgeson, 1994b), to be compared to 18.07cm3/mol for bulk

water (Wagner and Pruss, 2002). Although the calculation is not done for the relevant P

and T conditions, for water, the net volume variation between interlayer and bulk state

is only 1/20 of the water volume. In other words, the net volume increase resulting from

smectite dehydration is only 1/20 of the water released.

Because of this difference in net volume production (1/5 for OM thermal cracking vs.

1/20 for smectite dehydration, with respect to total fluid produced), OM thermal
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cracking appears, above 150°C, as the principal source of overpressure, if not of fluid.

9.3.3 Dissipation vs. sources of fluid pressure

The fluid pressure field results from the dynamic equilibrium between sources of

pressure and outflow of fluid (Neuzil, 1995). This dynamic equilibrium is integrated into

an adimensional ratio I'L/k, where T is the geological forcing, i.e. the source term (in

m3 of fluid/m? of rock/s), k¥ the hydraulic conductivity (in m/s) and L the drainage

length (in m). As detailed above, the source term corresponds to the net volume

production associated with diagenetic reactions, which is only a fraction of the total

fluid production.

Cases where I'L/k > 1 correspond in principle to overpressure development and this

prediction was validated in hydraulic models of accretionary prisms (Saffer and Tobin,

2011). In our simpler model of vertical outflow, without décollement, I'/kL > 1

corresponds to permeability of the upper plate lower than ~3 1020m2. Such a threshold

on permeability coincides rather well with the onset of the overpressure (Fig. 12).

9.4- Implications of overpressure for seismogenesis

In the models where the décollement and upper plate permeability is low, the amplitude

of the overpressures associated with OM thermal cracking is significant, as it compares

with the overall deviatoric state of stress, estimated as ~5-15MPa from earthquakes
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where stress drop was total (Hasegawa et al., 2012), ~35MPa from analog experiments

(Duarte et al., 2015), or 7-37MPa from global force balance (Lamb, 2006). Therefore, in

subducting sediments where continuous burial and load increase result in an average

high level of pore fluid pressure, the additional overpressure related to deep methane

generation may have a mechanical effect and enhance slip.

The temperature range of OM thermal cracking is particularly relevant for earthquake

generation, as the 150°C isotherm defines the updip limit of the seismogenic zone in the

classical model by Hyndman et al. (1997). Adding more recent earthquakes and thermal

models for subduction zones further supports Hyndman et al. (1997)’s model: most plate

interface rupture initiates in the T range 150-300°C (Fig. 15). Temperature

characteristics with the T-range of OM thermal cracking and methane production for

Type III OM (gray box in Fig. 15) coincide therefore with earthquake nucleation. This

possible link between OM thermal cracking and seismogenesis is further supported by

the correlation between distribution of earthquake and methanogenesis potential: The

ocean-ocean subduction zones considered here are barren in OM and are aseismic

(Heuret et al., 2011), while the ocean-continent subduction zones, which contain a

significant amount of OM, are associated with large earthquakes.

The potential mechanism connecting OM thermal cracking and seismogenesis is twofold.
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First, subducting sediments concentrate OM-cracking-related methane production as

they are the constant source of “fresh” OM to be cracked at depth. Consequently, the

associated overpressure affect their upper boundary, 1.e. the seismic plate interface. The

maximum amplitude of methane-related overpressure in modern sediments (up to

66MPa, see 7.2.1.3) or in Hyuga mélange rocks (up to 50MPa, for a porosity of 2.5%

(Tsuji et al., 2006)) is of the order of earthquake-related pressure variations recorded by

fluid inclusions (Fig. 2). Second, unmixing of methane from an aqueous fluid, which can

occur as a result of deformation during seismic slip, generates an additional pore

pressure increase. Such instantaneous pressure increase is a weakening process

promoting further slip.

These coupled effects (slow increase in fluid overpressure with burial, instantaneous

fluid pressure increase during slip) suggest that methane production from OM may

favor earthquake generation in subduction zones. To further test this hypothesis would

require a much higher density of core data in worldwide margins, as the spatial

distribution of OM is extremely heterogeneous. A good example of this heterogeneity is

given by NE Japan margin, where the 2011 Tohoku-Oki slip zone was drilled in Site

C0019 (Expedition 343/343T Scientists, 2013). There, the décollement runs extremely

close to the oceanic crust, so subducted sediment column is extremely thin and
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comprises only pelagic clays and cherts with a low TOC. On the other hand, seismic

profiles across the subduction zone show that the subducting crust is cut regularly by

normal faults making horsts and grabens and a sediment cover much thicker than at

site C0019 is subducted in the hanging wall of normal faults (Chester et al., 2013). These

sediments contain potentially a larger TOC (as they sample wedge sediments, richer in

OM, similarly to site 436 in Fig. 6) and can be the source of thermogenic methane at

depth. Because of these variations, it is difficult to make precise estimates of the

subducted OM stock. In addition, earthquake generation is a very complex process

where multiple factors probably intervene, including for example the topography of the

subducting plate (Perfettini et al., 2010) or the lithological content of subducting

material (Cloos and Shreve, 1996). Notwithstanding this complexity and heterogeneity,

the difference in subducted OM may play a major role in the simplistic dichotomy

between “Mariana-type” and “Chilean-type” subduction zones (Uyeda and Kanamori,

1979).

Conclusion

Source rocks from subduction zones have a low total organic content, hence a low

potential in hydrocarbon generation by industrial standards (Bordenave et al., 1993).

Nonetheless, because of the relatively low thermal gradient prevailing in such zones,
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hydrocarbon generation occurs at large depths, where pore fluid volume is small and

rock permeability low (Neuzil, 1995). The consequences of these conditions for OM

thermal cracking are twofold. First, the concentration of methane generated is

sufficient to saturate the pore-filling water, so that the fluid at depths larger than 10km

1s two-phased, i.e. made of a mechanical mixture of water-rich and methane-rich fluids.

Second, our models show that OM thermal cracking is a potential source of fluid

overpressure. The temperature range for OM thermal cracking, as well as the

comparison in OM budget between seismic and aseismic subduction zones, suggest that

cracking-related overpressure may facilitate seismogenesis.
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Figures

Figure 1: A) Sample site of quartz veins containing the studied fluid inclusions in the
Hyuga mélange unit from the Shimanto Belt, on Kyushu Island, Japan. B)
Photomicrographs of secondary methane-rich fluid inclusions. The three pictures, taken
by slightly changing the focus of the microscope, highlight the fluid inclusion
distribution along a plane at low angle with the surface of the thin section,
corresponding to a healed microfracture. B) Close-up view of a characteristic fluid
inclusion, in the center of photomicrograph in B). The inclusion has a regular shape and

1s filled by a single, methane-rich phase.

Figure 2: A) Temperatures of methane homogenization of methane-rich fluid inclusions.
Each plot corresponds to inclusions along a single plane. B) Trapping pressure of the
fluid, inferred as the intersection of the isochore of its host inclusion with the T~250°C
isotherm. The large scatter in homogenization temperatures of the inclusions in a given
plane reflects the large variations in fluid pressure over the short time necessary for the
microfracture plane to heal. For example, a AT of ~10°C in homogenization

temperatures converts into a pressure variation AP~50MPa.
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Figure 3: Distribution of core samples analyzed in Fig. 6, 7 and Tab. 2. The underlying

map, showing the plate boundary nature, is adapted from Von Huene and Scholl (1991).

Figure 4: Lithostratigraphic column of all core samples analyzed with Rock-Eval (Figs.

5, 6 and Tab. 2).

Figure 5: Rock-Eval analyses of ODP/DSPS/IODP sediment samples shown in a pseudo

Van-Krevelen diagram, with the three generic types of OM.

Figure 6: Potential methane productivity as a function of their TOC for sediments in

worldwide subduction zones. Methane productivity is derived from TOC and HI

parameters given by Rock-Eval analysis of sediments core samples (see 4.2.2).

Blue/black symbols refer to ocean-ocean/ocean-continent subduction zones, respectively.

Figure 7: Cracking of OM resulting from the increase in temperature, calculated using

the software Temis Suite 2008 from the Beicip Franlab and a TOC of 0.5%wt. We

considered two kinds of OM, representative of marine (“Landana”) and terrigenous

(“Brent”) kerogene, and rapid (300°C in 1.5Ma) or slow (300°C in 15Ma) burial-increase
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in T. For terrigeneous material, irrespectively of burial rate, cracking occurs principally

in the T range 150-250°C.

Figure 8: Model of thermogenic cracking of OM. (A) The domain modelled numerically in

section 8 is shown as the grey area. It comprises a thin section of subducting sediments

at its bottom and the overlying upper plate. (B) Close-up view of the subducting

sediments at the bottom of the modelled domain. It is composed of 60m of undeformed

material below a ~30m-thick décollement zone accommodating all the deformation. The

90m-thick section (=control volume) is affected by thermal cracking of OM. The upper

limit of the control volume is at a depth of ~10km, corresponding to the isotherm 150°C

for a gradient of 15°C/km. The overpressure within the control volume and above is the

result of the balance between gas production and gas leakage (through the décollement

and the upper plate).

Figure 9: TOC as function of depth in several deep sea sediment columns. Drilling sites

are located at a fixed position with respect to the source of OM, so that the supply of OM

can be considered as constant with time of deposition/depth in the column. The

associated lithostratigraphic columns are described in Supplemental File.
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Figure 10: Curves of iso-solubility in mol/kg of methane in pure water (dashed lines)

and seawater (solid lines), calculated from Duan and Mao (2006).

Figure 11: Field of overpressure (AP=Ps - Pt nya) for the case where permeability is set at

10-2'm?2 for the upper plate and at 1022m?2 for the subducting sediment. The maximum

overpressure, ~22MPa, is located in the lower left corner of the model.

Figure 12: Maximum overpressure AP as a function of subducting sediment and upper

plate permeability. Overpressure amplitude is controlled by upper plate permeability.

Significant, i.e. >10MPa, overpressure occur only when the permeability of the upper

plate is lower than ~2 102lm2. The criterion I'L/k = 1 is defined in Neuzil (1995) as the

threshold for overpressure to develop (see 9.3.3).

Figure 13: Field of overpressure (AP=Ps - P nya) for the case where permeability is set at

1017m2 (A) and 1019m2 (B) for the décollement zone and at 5.1022m? for the upper plate.

In the case (A) where the décollement has a relatively high permeability, it enables an

efficient drainage of the subducting sediments and prevents large overpressure to
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develop. The case of a low permeability décollement zone (B) is similar to the models

where the outflow is vertical.

Figure 14: Maximum overpressure AP as a function of décollement and upper plate

permeability. Décollement with a permeability larger than ~10718m?2 efficiently drains

the fluid out of subducting sediments and dissipates overpressure, while décollement

permeability lower than ~10-18m?2 results in significant overpressure build-up.

Figure 15: Comparison of the subduction zone mega-earthquakes temperatures

characteristics with the T-range of OM thermal cracking and methane production for

Type Il OM (gray box). Temperature of the slip maximum/nucleation for

mega-earthquakes were determined using relocalized hypocenters/slip zones and thermal

models according to: Japan NE 2011 - (Lay et al., 2011; Suzuki et al., 2012; Wada and

Wang, 2009), Sumatra 2004 - (Engdahl et al., 2007; Rhie et al., 2007; Syracuse et al.,

2010; Wada and Wang, 2009), Chile 1960 and 2010 - (Vigny et al., 2011; Volker et al.,

2011), Nankai 1944 - (Marcaillou et al., 2012), other south american earthquakes and

Alaska 1964 - (Oleskevich et al., 1999). For Sumatra 2004, the T of the zone of maximum

coseismic slip is lower than 125°C, while for Nankai 1944, the maximum coseismic slip
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Is defined as >1m. For Maule earthquake (Chile 2010), two patches of maximum slip

were identified (Vigny et al., 2011).

Table 1: Summary of Rock-Eval analyses of Hyuga mélange rocks. Note that due to the

very low amount of pyrolysed hydrocarbons S2, the value of Tmax is extremely

ill-defined. Samples on the coast appear with a yellow color. PC, RC and TOC stand for

pyrolysed, residual carbon and total organic content, respectively.

Table 2: Summary of Rock-Eval analyses of worldwide subduction zone sediments.
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Table 1

Sample| S1(mg | S2(mg |Tpeaks2(°C) | Tmax | S3(mg |S4 (mg|PC(%)c | RC(%)c |TOC(%)| HI(mg | Ol (mg
HC/g | HC/g (°c) co/g | cozx/g HC/g | CO./g
rock) | rock) rock) rock) TOC) TOC)

101 | 0,01 | 0,06 637 595 | 0,29 3,27 | 0,01 0,11 0,12 50 242

102 | 0,01 | 0,09 393 351 | 0,23 | 16,01 | 0,02 0,57 0,59 15 39

54 0,01 | 0,08 639 597 | 0,27 | 13,47 | 0,02 0,55 0,57 14 47
46 0 0,07 548 506 | 0,41 | 4,95 | 0,02 0,17 0,19 37 216
64 0,01 | 0,07 646 604 | 0,22 | 12,72 | 0,04 0,5 0,54 13 41
69 0 0,03 530 488 | 0,12 | 8,31 | 0,01 0,31 0,32 9 38
76 0 0,06 640 598 | 0,08 6,06 | 0,01 0,23 0,24 25 33
82 0,01 | 0,08 533 491 | 0,41 10 0,02 0,36 0,38 21 108
83 0,01 | 0,06 647 605 | 0,22 | 14,56 | 0,02 0,59 0,61 10 36
92 0 0,05 360 318 | 0,08 | 0,12 | 0,01 0 0,01
85 0,01 | 0,1 646 604 | 0,28 | 12,05 | 0,02 0,48 0,5 20 56
200 | 0,01 | 0,07 533 491 | 0,45 | 9,32 | 0,02 0,32 0,34 21 132
Average 0,37
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Table 2

Subduction zone | Sit | Ho Core Dep | S1 | S2 | TpeakS | Tm | S3 S4 | PC( | RC( | TOC( | HI | Ol | Ato | ma | Metha
e le reference th (m | (m 2(°C) ax | (m | (mg | %) | %) %) (m [ (mg | m. | ss. ne
(Core-Secti | (mb | g g (°c)| g | co2 g | CO, | H/C | H/C | produc
on-top sf) | HC | HC co | /g HC | /g tion
depth) /s | /s /g | rock /g | TO (kg/m3
roc | roc roc ) TO | Q) bulk
k) | k) k) Q) rock)
Costa Rica
10 375, 0.5 09108 | 0.0 | 0.3 11 0,6 0,0
2,452
40 C 23-04-15 65 0 1 423 381 | 4 8 9 4 0,43 9 219 3 5
384, 0.7 1.6 0.1 | 0.5 10 0,6 0,0
3,721
" C 24-03-65 25 0 1 423 381 | 6 17,8 3 5 0,68 4 | 244 1 5
394, | 0,0 | 1.0 29 | 26,4 0.8 10 0,6 0,0
5,511
" C 25-03-90 1 1 4 424 382 2 1 0.2 1 1,01 3 289 1 5
400, | 0,0 | 1.0 3.0(337|02| 10 05| 0,0
6,641
" C 26-01-85 65 2 7 428 386 1 1 5 4 1,29 | 83 | 233 7 5
412, |1 0,0 | 0.7 19154 | 01 | 04 11 0,6 0,0
3,507
" C 27-03-45 85 1 2 420 378 | 8 5 4 8 0,62 6 319 3 5
419, 0.6 35(204 |01 | 06 05| 0,0
4,184
" C 28-01-50 6 0 6 423 381 | 7 1 8 4 0,82 | 80 | 435 7 5
429, 0.6 26 (18,7 | 01 | 05 05| 0,0
3,924
" C 29-01-75 35 0 9 425 383 | 6 6 6 8 0,74 | 93 | 359 9 5
439, 0.7 1.8 1230]| 01| 0.7 05| 0,0
4,454
" C 30-01-135 55 0 3 433 391 | 1 8 4 2 0,86 | 8 | 210 8 5
448, 1 0,0 | 0.7 26 (237 |01 | 07 05| 0,0
4,629
" C 31-01-75 55 1 2 433 391 | 4 8 7 4 0,91 | 79 | 290 7 5
463, 0.3 3.2 0.1 | 0.1 11 | 112 0,6 0,0
1,614
" C 32-05-40 8 0 2 438 396 | 7 | 5,86 2 7 0,29 0 8 2 5
472, 0.3 2.5 0.1 | 0.1 11 0,6 0,0
1,669
" C 33-04-70 2 0 3 435 393 | 2 6,61 1 9 0,3 0 | 840 2 5
481, 0.3 2.9 0.1 | 0.1 13 | 103 0,6 0,0
1,670
" C 34-04-50 7 0 8 436 394 | 1 5,58 2 6 0,28 6 9 6 6
496, 0.2 3.0 0.1 | 0.0 15 | 168 0,6 0,0
1,112
" C 36-01-50 5 0 7 376 334 | 3 2,58 1 7 0,18 0 3 9 6
" C 37-02-30 507, 0 0.1 379 337|111|074| 00| 001|007 |20 164 | 0,7| 00| 0,486
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Post-tectonic features:
B Grantte & granodionte
Shimanto Bslt:
1 Hyuga Group. incl:
N Hyuz Mélange
—a- Nobeoka Tectonic Line
[0 Kitagawa Group
1 Morotsuka Group

Shimanto
Belt

Figure 1: A) Sample site of quartz veins containing the studied fluid inclusions in the

Hyuga mélange unit from the Shimanto Belt, on Kyushu Island, Japan. B) Photomicrographs of
secondary methane-rich fluid inclusions. The three pictures, taken by slightly changing the
focus of the microscope, highlight the fluid inclusion distribution along a plane at low
angle with the surface of the thin section, corresponding to a healed microfracture. B’)

Close-up view of a characteristic fluid inclusion,

in the center of photomicrograph in B).

The inclusion has a regular shape and is filled by a single, methane-rich phase.

97



MB26-ech36 nNBlIS—ech'Iﬁ-zoneA _IENBIS-ed"-if»zuneh“ NBE22-ech14
9
7
n 5
3]
1 1 1 !
-120 -100 -B0  -120 -100 -BO -120  -100 -80 -120 -100 -B0
T T, [0 T, "0 T, (0
. NB26-ech27 NB26-ech15-zoneB uNBZS—echI-&-zaneEﬁ MNB26-ech32
1 1 1
-120 -100 B0 -120 100 -BO -1 -1
T, (0 T, 0 T, 0
B
306 =
ﬁ 1
[«
= £ "c-/‘:/_/
— = A v al~10
g T e~
a ) ! ==
= AD
& cn 1=

—

CH, saturation

e

—

4150

100 50

0

50 100 150
Temperature (°C)

200 250 300 350

Figure 2: R} Temperatures of methanse homogenization of methane-rich fluid inclusions. Each

plot corresponds to inclusions along a single plane. B) Trapping pressure of the £luid,

inferred as the intersection of the isochore of its host inclusion with the T-250°C

igsctherm. The large scatter in homogenization temperatures of the inclusions in a given
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Figure 3: Distribution of core samples analyzed in Fig. 6, 7 and Tab. 2. The underlying map,
showing the plate boundary nature, is adapted from Von Huene and Scholl (1891).
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Figure 5: Rock-Ewval analyses of ODP/DSPS/IODP sediment samples shown in a pseudo Van-Krevelen
diagram, with the three generic types of COM.
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ocean-continent subduction zones, respectively.

102



— / +— — slow burial
c [
= ! -7 rapid burial

Methane produced (kg/m?)

o = W = [0 T R v s (=]
L
[ —
-

[ ]
7 &
/A
'I " 1

50 100 150 200 250 300 350
Temperature (°C)

0

calculated using the

Figure 7: Cracking of OM resulting from the increase in temperature,
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Figure B: Model of thermogenic cracking of OM. (&) The domain modelled numerically in section
B is shown as the grey area. It comprises a thin section of subducting sediments at its
bottom and the overlying upper plate. (B) Close-up view of the subducting sediments at the
bottom of the modelled domain. It is composed of 60m of undeformed material below a ~30m-
thick déccllement zone accommodating all the deformation. The S0m-thick section (=control
volums) i= affected by thermal cracking of OM. The upper limit of the control volume i= at a
depth of ~10km, corresponding to the isctherm 150°C for a gradient of 15°C/km. The
overpressure within the control wolume and above is the result of the balance between gas

production and gas leakage (through the décollement and the upper plate).
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Figure 9: TOC as function of depth in several deep sea sediment columns. Drilling sites are
located at a fixed position with respect to the source of OM, so that the supply of OM can be

considered as constant with time of deposition/depth in the column. The associated

lithostratigraphic columns are described in Supplemental File.
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Figure 10: Curves of iso-solubility in mol/kg of methanse in pure water (dashed lines)
seawater (solid lines), calculated from Duan and Mao (2006).
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Figure 11: Field of overpressure (AP=Pf - Pf_hyd) for the case where permeability is set at
10-21m2 for the upper plate and at 10-22m2 for the subducting sediment. The maximum
overpressure, ~22MPa, is located in the lower left cormer of the model.
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Figure 12: Maximum overpressure AP as a function of subducting sediment and upper plate
permeability. Overpressure amplitude is controlled by upper plate permeability. Significant,
i.e. >10MPa,

overpressure occur only when the permeability of the upper plate is lower than
~2 10-21m2. The criterion TL/k=1 is defined in Neuzil
overpressure to develop (see 9.3.3).

(1995) as the threshold for
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Figure 13: Field of overpressure (AP=Pf - Pf_hyd) for the case where permeability is set at
10-17m2 (A) and 10-19m2 (B) for the décollement zone and at 5.10-22m2 for the upper plate. In
the case (A) where the décollement has a relatively high permeability, it enables an
efficient drainage of the subducting sediments and prevents large overpressure to develop.
The case of a low permeability décollement zone (B) is similar to the models where the
outflow is vertical.
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Figure 14: Maximum overpressure AP as a function of décollement and upper plate
permeability. DEécollement with a permeability larger than ~10-18m2 efficiently drains the
fluid out of subducting sediments and dissipates overpressure, while décollement
permeability lower than ~10-18m2 results in significant overpressure build-up.
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Figure 15: Compariscn of the subduction zone mega-earthguakes temperatures characteristics
with the T-range of OM thermal cracking and methane production for Type III OM (gray box).
Temperature of the slip maximum/nucleation for mega-earthguakes were determined using
relocalized hypocenters/slip zones and thermal models according to: Japan NE 2011 - (Lay =t
al., 2011; Suzuki et al., 2012; Wada and Wang, 2009), Sumatra 2004 - (Engdahl et al., 2007;
Fhie et al., 2007; Syracuse et al., 2010; Wada and Wang, 2009), Chile 1560 and 2010 - (Vigny
et al., 2011; Volker et al., 2011}, Nankai 1944 - (Marcaillcu et al., 2012}, other socuth
american earthgquakes and Alaska 1964 - (Oleskevich et al., 1999). For Sumatra 2004, the T of
the zone of maximum coseismic slip is lower than 12590, while for Nankai 15944, the maximum
cogseismic s8lip is defined as »1m. For Maule earthguake (Chile 2010), two patches of maximum
slip were identified (Vigny et al., 2Z011}.
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Highlights

Thermal cracking of organic matter in suduction zones leads to fluid overpressure

Fluid at depth is a mixture of immiscible methane-rich and water-rich fluids

Significant fluid overpressure involves detrital organic matter in sediments

No overpressure in ocean-ocean subduction zones

Fluid overpressure possibly favors earthquake generation
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