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Abstract The abundance of microbial life and the sources of energy necessary for deep subsurface
microbial communities remain enigmatic. Here we investigate deep microbial processes and their potential
relationships to tectonic events in sediments from the Nankai Trough offshore Japan, drilled and sampled
during IODP (Integrated Ocean Drilling Program) Expedition 316. Observed methane isotope proﬁles indicate that microbially mediated methane production occurs at Sites C0006 and C0007 in sediments below
450 meters below seaﬂoor (mbsf) and 425 mbsf, respectively. The active carbon cycling in these deep
subsurface sediments is likely related to the highly dynamic tectonic regime at Nankai Trough. We propose
that transient increases in temperature have restimulated organic matter degradation at these distinct
depths and explore several candidate processes for transient heating. Our favored hypothesis is frictional
heating associated with earthquakes. In concert with transient heating leading to the reactivation of recalcitrant organic matter, the heterogeneous sedimentary system provides niches for microbial life. The newly
available/accessible organic carbon compounds fuel the microbial community—resulting in an onset of
methanogenesis several hundred meters below the seaﬂoor. This process is captured in the methane Cisotope signal, showing the efﬁcacy of methane C-isotopes for delineating locations of active microbial
processes in deeply buried sediments. Additionally, simple model approaches applied to observed chemical
pore water proﬁles can potentially constrain timing relationships, which can then be linked to causative tectonic events. Our results suggest the occurrence of slip-to-the-trench earthquake(s) 200–400 year ago,
which could relate to historical earthquakes (1707 Hoei and/or 1605 Keicho earthquakes).

1. Introduction
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Most biogenic hydrocarbon gases in marine sediments are produced in organic-rich areas as a direct
consequence of microbial activity under anaerobic conditions [Martens and Berner, 1974]. The dominant
fraction of these gases is methane (99%), assumed to be produced from organic matter mineralization over a speciﬁc depth interval below the sulfate methane transition (SMT)—a few centimeters to
tens of meters below the seabed. Typically, generation of biogenic gas is associated with ﬁne-grained
sediment due to its characteristically higher initial organic content. The quality and thus bioavailability
of the organic matter can inﬂuence the spatial patterns of methane production [Canﬁeld, 1994] in
marine sediments, and the carbon isotopes of both CH4 and dissolved inorganic carbon (DIC), as
records of methanogenesis, increase with the deposition rate of reactive marine organic matter [Blair,
1998]. At greater depths, microbial organic matter degradation generally ceases, as the bioavailability
of the residual organic pool declines, leading to an absence of methanogenesis [Sivan et al., 2007].
This observation can be explained by site-related parameters such as the composition of the organic
matter and/or the type of microbial community present. In general, organic matter in these deep (several tens to hundreds of meters) subsurface sediments is thought to be resistant to biodegradation
[e.g., de Leeuw and Largeau, 1993; Hedges and Keil, 1995] and cannot fuel appreciable metabolic activity in deep subsurface environments.
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Figure 1. Simpliﬁed structural overview of the frontal thrust region including IODP316 drilling locations and bottom-simulating reﬂector
(BSR) [after Moore et al., 2009, 2015].

However, additional sources of energy are thought to overcome depth limitations so that microbial activity
can proceed in sediments several hundred meters beneath the seabed [e.g., Parkes et al., 1990; Jørgensen
and D’Hondt, 2006; Yoshioka et al., 2009]. These additional sources of energy may come from hydrogen
derived from various chemical processes such as the chemical alteration of young basaltic crust or the
decay of natural radionuclides [Holm and Charlou, 2001; Lin et al., 2005]. However, increasing temperature
with depth, such as with increasing burial depth, can activate chemical alteration of minerals [Surdam and
Crossey, 1985] or (re)activate buried organic matter to supply the deep biosphere with energy [Wellsbury
et al., 1997; Parkes et al., 2006; Roussel et al., 2008; Burdige, 2011].
Due to its depositional and dynamic tectonic setting, the Nankai Trough, offshore Japan, is ideal for studies
focused on the interplay between the carbon cycle and the deep biosphere [e.g., Riedinger et al., 2010].
Frontal accretion, uplift, and internal deformation of trench wedge and underlying Shikoku Basin sediments
are the results of subduction of the Philippine Sea plate below southwest Japan [Underwood et al., 2003;
Strasser et al., 2009; Moore et al., 2015]. This setting is characterized by a complex lithostratigraphy and depositional history. Thrust faults and interbedded gravels and sands deposited in the axial trench and uplifted
in the frontal prism can inﬂuence the degree of reactive mineral alteration. Varying sedimentation rates,
sediment composition, organic matter content, and availability of reactive minerals dramatically affect the
oxidative capacity and permeability of sediments [e.g., Dugan and Daigle, 2011; Rowe et al., 2011].
Here we present results for carbon geochemistry of the upper slope of the Nankai Trough accretionary
prism at Integrated Ocean Drilling Program (IODP) Site C0008 and from the toe of the slope at IODP Sites
C0006 and C0007. Our results include the carbon and hydrogen isotope composition of methane (CH4). The
dynamic nature of the Nankai accretionary wedge directly juxtaposes various redox environments and their
corresponding geochemical gradients. As a result, this region is of high interest for carbon cycle studies in
deep biosphere environments.

2. Site Description and Methods
2.1. Sedimentary Setting
Sediment and gas void samples for methane analyses were collected during IODP Expedition 316 on the D/V
Chikyu, from Hole C0008A (33812.82290 N, 136843.59970 E), located in a slope basin of the upper slope of the
accretionary wedge at 2751 m water depth. Samples were also collected from Holes C0006E (33801.64440 N,
136847.62820 E), C0006F (33801.62420 N, 136847.62820 E), and C0007D (33801.31670 N, 136847.88720 E) along the
prism toe at water depths of 3875.8 m, 3875.5 m, and 4049.0 m, respectively (Figure 1).
Two major lithologic units were recovered at Site C0008, and three and four major units were recovered at
Sites C0006 and C0007, respectively (Figure 1) [Kinoshita et al., 2009; Screaton et al., 2009a, Screaton et al.,
2009b; Strasser et al., 2009; Underwood and Moore, 2011]. At Site C0008, Unit I consists of a Pliocene-to-
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Figure 2. The carbon isotope signal of methane (d13C-CH4) measured in void gas samples (open blue circles) from Hole C0008A is in good agreement with headspace methane (red
stars) data. Both results point to the main methane production horizon between 8 and 30 mbsf. The high methane (CH4) concentration outlier can be related to the occurrence of gas
hydrates [Kinoshita et al., 2009]. Lithostratigraphy, total organic carbon (TOC), TOC to total nitrogen ratios (C/N ratio), methane, total alkalinity (TA) concentration data, and temperature
values are shipboard data from IODP Expedition 316 [Kinoshita et al., 2009]. Temperature gradient as discussed by Harris et al. [2011]. The red zone in the temperature panel suggests
the necessary temperature increase for potential organic matter reactivation related to burial (see text for further discussion).

recent slope basin sedimentary succession (Figure 2). At Site C0006, the Pleistocene-to-recent Unit I is characterized by a ﬁning-upward succession of hemipelagic silty clay with interbedded thin sand beds and volcanic ash layers interpreted as a trench-to-slope transition. Deposition occurred on the lowermost slope
above the trench ﬂoor by hemipelagic settling and postdates accretion of the lower slope site. Unit II is an
accreted trench wedge facies with sandy turbidities, gravel, and hemipelagic mud. Unit II is of Pleistocene
age at Sites C0006 and C0007 with a coarsening upward trend, in contrast to its Pliocene age at Site C0008.
At Site C0006, the succession is structurally complex, with numerous thrust faults causing signiﬁcant stratigraphic repetition (Figure 3). Unit II is interpreted as having been deposited in a trench setting, with increasing proximity to the axial portion of the trench up section. This stratigraphic succession was accreted about
half a million years ago to form the lower trench slope near the toe of the present-day accretionary prism
[Screaton et al., 2009b]. Unit III represents deep-marine basin sediments with alternating beds of mudstone
and sandstone. It is of early Pleistocene to late Miocene age at Site C0006 (below 450 mbsf); no Miocene
deposits were observed at Site C0007 (355–435 mbsf) (Figure 4). The silty clay of Unit III was deposited by
hemipelagic settling along with accumulation of volcanic ash during major volcanic eruptions. Bioturbation
is widespread in these deposits, particularly in the upper part of Unit III. The base of Unit III is marked by a
large fault zone that deﬁnes the plate boundary fault, along which the unit was accreted [Screaton et al.,
2009a; Sakaguchi et al., 2011]. Below the fault zone at Site C0007, deposits consist mainly of ﬁne-to-medium
grained, unconsolidated sand. This Unit IV of Pleistocene age is interpreted as the underthrust part of the
trench wedge [Kinoshita et al., 2009].
2.2. Analytical Procedures
Total organic carbon (TOC) content was calculated as the difference between total carbon (TC) and inorganic carbon (IC). IC concentrations were measured using a Coulometrics 5012 CO2 coulometer. TC and
total nitrogen concentrations were determined using a Thermo Finnigan Flash EA 1112 CHNS analyzer. TOC
is given in weight carbon per dry sediment. Alkalinity was determined by Gran titration. For methane analyses, 3 cm3 sediment samples were collected with a cutoff syringe. A cork borer was used to take the sample
from lithiﬁed sediments. In both cases, the samples were extruded into a He-ﬂushed 20 mL glass serum vial
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Figure 3. Methane carbon isotopes (d13C-CH4) at Holes C0006E and C0006F show a decrease in the isotope signal at around 450 mbsf concurrent with a jump in the total alkalinity (TA)
concentration and an increase in the hydrogen isotopes of methane (dD-CH4). The data indicate onset of active methanogenesis at these deep subsurface sediments. The high methane
(CH4) concentration outlier at 300 mbsf can be related to the occurrence of gas hydrates [Kinoshita et al., 2009]. Lithostratigraphy, total organic carbon (TOC), TOC to total nitrogen
ratios (C/N ratio), methane, TA concentration data, and temperature values are shipboard data from IODP Expedition 316 [Kinoshita et al., 2009]. Temperature gradient as discussed by
Harris et al. [2011]. The red zone in the temperature panel suggests the necessary temperature increase for potential organic matter reactivation related to burial (see text for further
discussion).

containing 10 mL of 4% NaOH. Void gas samples were collected from observed gas pockets to complement
the headspace analyses. Samples were collected directly from gas voids by penetrating the core liner and
using a gastight syringe. Methane analyses were performed using an Agilent 6890N gas chromatograph
instrument equipped with a ﬂame ionization detector [e.g., Pimmel and Claypool, 2001]. The gas concentrations were analyzed relative to ﬁve different certiﬁed gas standards with variable quantities of low molecular weight hydrocarbons with a precision better than 1%. The concentration of methane in interstitial water
was derived from calibrated chromatographic response using the equation described by the Shipboard Scientiﬁc Party [2003]. The concentrations were subsequently corrected for sediment porosity. All solid-phase
carbon and nitrogen measurements, as well as those for the pore waters, were carried out onboard the DV
Chikyu [Kinoshita et al., 2009].
The stable isotope composition of methane was obtained at the Max Planck Institute for Marine Microbiology, Bremen, Germany, using a Hewlett Packard 6890 GC equipped with a 25 m 3 0.32 mm 3 0.5 mm CPPorabond Q (CP7351) column coupled to a ThermoFinnigan Delta Plus XP isotope ratio mass spectrometer
(IRMS) via a combustion interface-III. Gas samples (250–1000 mL) were taken from the headspace of the sample vial using a gastight syringe and the solution replacement technique. The stable carbon isotope composition of calcium carbonate (d13Ccarb) was measured using a Delta Plus XP IRMS. Carbon and hydrogen
isotope ratios are reported in delta notation relative to Vienna Pee Dee Belemnite Standard (VPDB) and
Vienna Standard Mean Ocean Water (VSMOW), respectively. The standard deviation (1r) of replicate measurements was better than 0.8& for d13C-CH4, 3& for dD-CH4, and 0.2& for d13Ccarb.
2.3. Numerical Modeling
To model the alkalinity pore water proﬁle, we used the numerical transport and reaction model CoTReM
[Adler et al., 2001]. A detailed description of this computer software is given in Adler et al. [2001] and Hensen
et al. [2003]. The modeled thickness of 600 m was subdivided into cells of 4 m thickness (dx). The time step
to fulﬁll numerical stability was set to 1 year. We used the measured porosity of the sediment proﬁle [Screaton et al., 2009a] and a modern sedimentation rate of 4 cm kyr21 [e.g., Harris et al., 2011]. Transport
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Figure 4. The carbon isotope signal of methane (d13C-CH4, red stars) from Hole C0007D displays a strong depletion in 13C at about 425–430 mbsf, while dD-CH4 gets enriched (open
stars). Lithostratigraphy, total organic carbon (TOC), TOC to total nitrogen ratios (C/N ratio), methane, and total alkalinity (TA) concentration data are shipboard data from IODP Expedition 316 [Kinoshita et al., 2009]. Temperature gradient as discussed by Harris et al. [2011]. The red zone in the temperature panel suggests the necessary temperature increase for potential organic matter reactivation related to burial (see text for further discussion).

mechanisms were molecular diffusion in the sediment (Ds) for all solutes in the pore water and advection
via sedimentation (burial) for the solid phase and pore water. For the deeper sediments, diffusion coefﬁcients were corrected for tortuosity [Boudreau, 1997] and a temperature of 188C. For geochemical reactions,
zeroth-order kinetics was used by deﬁning maximum reaction rates.
As starting conditions, the measured alkalinity concentrations were ﬁt with a smooth curve, and in situ consumption and production rates were applied—both obtained via the application of a Rate Estimation from
Concentrations (REC) model [Lettmann et al., 2012]. This numerical model applies a smoothing parameter, k,
based on Tikhonov regularization (for further details see Lettmann et al. [2012]). The production of alkalinity
was simulated by assuming a net equation of 1 mol methane and 1 mol alkalinity produced via 2 mol
organic matter. More speciﬁc details concerning the parameterization and data handling are given in the
respective sections below.

3. Results and Discussion
The sediments at Hole C0008A show low concentrations of TOC (<0.75 wt %) and C/N ratios less than 10
(Figure 2). The latter are indicative of the mainly marine origin of the organic matter. Due to the microbial
degradation of organic matter in the uppermost sediment layers, the alkalinity increases with depth. At the
sulfate-methane transition (SMT) at about 6 mbsf, total alkalinity (TA) displays its highest values, fueled additionally by anaerobic oxidation of methane. Below this zone, the TA concentration decreases again with
depth [Expedition 316 Scientists, 2009], indicating no further release of alkalinity into the pore water. The
methane concentration and isotope proﬁle at Hole C0008A indicate that the main methane production
zone lies below the SMT at depths between 8 and 30 mbsf. Here the d13C-CH4 isotopes show the most negative signal (2110&). Below about 30 mbsf, only minor amounts of methane in the range of a few micromoles are produced. The result is only a very small impact on the isotope signal of the methane and no
overall inﬂuence on its net concentration. Above the SMT, 13C-CH4 isotopes are more enriched due to the
oxidation of methane and associated fractionation. Similar to Site C0008, quasi steady state methane isotope proﬁles have been reported from the Gulf of Mexico (Site U1325) [Pohlman et al., 2009], indicating that
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Figure 5. Methane isotope classiﬁcation diagram modiﬁed after Whiticar [1999]. The isotope data for Site C0006 (gray squares), and Holes
C0007D (green-ﬁlled circles) and C0008A (orange rectangles) point to hydrogenotrophic carbonate reduction as the main methane production pathway.

our proﬁle distributions are not unique. Importantly, the occurrence of gas hydrates in sediments at Hole
C0008A [see Kinoshita et al., 2009] and its dissociation during sampling does not seem to impact the carbon
isotope signal of methane in these sediments—no change in the d13C-CH4 composition was observed
throughout the core where gas hydrates remains were detected—but might have an inﬂuence on the
hydrogen isotope composition (Figure 2). This inference is supported by gas void isotope values that mimic
the trend of the headspace carbon isotope composition, with only slight depletion (1–3&) but an overall
less scattered signal compared to the headspace samples (Figure 2). Generally, the carbon isotope signal
shows a self-consistent signal, especially compared to the methane concentration proﬁle, which is vulnerable to loss of methane during sampling.
Similar to the deposits at Site C0008, the sediments at Holes C0007D, C0006E, and C0006F show low
concentrations of TOC throughout the core, with average values of 0.39 and 0.46 wt %, respectively.
The C/N ratios are mostly less than 10, consistent with a dominantly marine origin of the organic matter. Isotope data for the hydrogen and carbon of the methane range between 2100 and 270 for
d13C-CH4 and 2210 and 2170 for dD-CH4, which are indicative of its microbial origin (Figure 5). These
isotope data are diagnostic of in situ methane formation, with hydrogenotrophic CO2 reduction as the
main formation pathway [Whiticar et al., 1986]. Yoshioka et al. [2009] and Inagaki et al. [2015] showed
that over several hundreds to thousands of meters sediment depth, methanogenesis can proceed at
low rates, with CO2 reduction as the main production pathway. Preferential utilization of 12C by methanogens leaves the residual inorganic carbon enriched in 13C, and thus with increasing depth the DIC
and the methane become progressively enriched in 13C [Whiticar, 1999]. Furthermore, preferential use
of the lighter isotope 12C during anaerobic oxidation of methane (AOM) is capable of enriching the
residual methane in 13C [Alperin et al., 1988]—explaining the d13C trend we observe at the sulfate
methane transition (SMT).
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In contrast to Site C0008, which shows methane production just below the SMT at around 7 mbsf, data at
the frontal thrust sites indicate additional methane production in the deeper subsurface. At Site C0007, the
methane concentration and isotope proﬁles indicate that the main methane production zone is between
depths of 175 and 225 mbsf, well below the SMT. Between 225 and 425 mbsf, none or only small amounts
of methane are produced, with a very small impact on the isotope signal and no overall inﬂuence on the
net concentration of methane (Figure 4). Below about 425 mbsf, the methane isotope composition changes
abruptly where d13C values become more negative and hydrogen isotopes are more positive. The contemporaneous increase in methane concentration and decrease of 13C-CH4 suggests production of methane
from a carbon pool that contains light carbon isotopes (Figure 4). Similar to the observed deep subsurface
isotope excursion at Site C0007, the sediments at Site C0006 show an offset in the methane carbon isotope
proﬁle at around 450 mbsf (within the upper part of Unit III).
Methane carbon isotope proﬁles similar to those we observe in the Nankai Trough were also reported from
two sites in the Gulf of Mexico [Pohlman et al., 2009]. At these sites, a shift in the isotope values in the deep
sediments was observed at the depth of the bottom-simulating reﬂector concurrent with a porosity change
to higher values, which can provide space for the microbial communities [Inagaki et al., 2003]. However, the
reported isotope values for the two cores from the Gulf of Mexico show a trend to thermogenic methane
formation and a homogenous dD-CH4 isotope proﬁle. These relationships differ from our observations at
Sites C0006 and C0007, which indicate microbial methane formation (Figure 5) and variations in the
observed dD values (Figure 4).
3.1. Candidate Explanations of Observed Carbon Isotope Shift
Here we examine several alternative explanations for the observed methane carbon isotope shift such as
methane oxidation, change of the substrate, or alternative CO2 sources. While the process of anaerobic oxidation of methane (AOM) usually leads to an enrichment of 13C in the residual methane [e.g., Alperin et al.,
1988], a recent study by Yoshinaga et al. [2014] suggested that anaerobic oxidation of methane via sulfate
reduction (SR-AOM) can lead to depletion in the stable carbon isotope signal. More speciﬁcally, the authors’
in vitro experiments showed 13C depletion at low sulfate concentrations. It follows from these experiments
that this diagnostic isotopic expression requires the presence of sulfate concentrations in pore ﬂuids. Production and immediate consumption of sulﬁde might limit the availability of sulfate in the pore ﬂuids; however, the process should lead to the accumulation of sulﬁde in the pore ﬂuids, which was not observed
[Screaton et al., 2009b], or to the formation of abundant pyrite at this speciﬁc sediment depth. Such a correlation between distinct pyrite enrichment [see Riedinger and Brunner, 2014] and the shift in the methane
d13C was also not found. Additionally, SR-AOM should lead to the formation of highly depleted calcium carbonate precipitation, which is not observed in the bulk carbonate stable C-isotopes at Site C0007. In fact,
these data show a change from d13C-Carb 23.0& (431.6 mbsf) to 21.9& (437 mbsf). These arguments let
us rule out anaerobic oxidation of methane via sulfate reduction.
Methane production can also occur without the presence of organic matter, if H2 and CO2 are available. H2
could be produced mechanochemically or mechanoradically during earthquake rupture [e.g., Yamaguchi
et al., 2011; Hirose et al., 2011]. Earthquake rupture-related mechanochemically H2 production would lead to
a pulse of H2 formation and thus limiting methanogenesis to very conﬁned temporal and spatial scales.
While methanogens require a minimum level of H2 to produce methane via CO2 reduction, concentrations
below this level suppress methanogenesis [e.g., Lovley et al., 1982]. Although this process would provide the
energy source for the microbes to produce methane consistent with the observed isotope signature, we
would still need a source of dissolved inorganic carbon (DIC) with an isotopic composition that differs from
the background DIC. Thus, we need a source of isotopic light carbon to explain the isotopic light methane.
This process would decrease the available carbonate pool—inconsistent with the observed alkalinity proﬁle
at Site C0006 (Figure 3).
It could also be argued that dissolution of carbonate minerals in deep subsurface sediment could explain
the increase in the alkalinity and provide a source of CO2 depleted in 13C. However, the pore water Ca concentration proﬁle shows a continuous increase with depth and no concentration enrichment peak in correlation with the alkalinity peak can be observed. The Ca-concentrations increase in pore water in the deep
sediments at Site C0006 is most likely the result of low-temperature deep subsurface diagenetic reactions
such as (volcanic) ash alteration and not related to carbonate dissolution. This interpretation is supported
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by the inverse trend of the magnesium
proﬁle compared to the Ca proﬁle
(Figure 6) [Expedition 316 Scientists, 2009],
suggesting an exchange of Ca and Mg
during mineral alteration [e.g., Gieskes and
Lawrence, 1981]. Therefore, carbonate dissolution as a source for the DIC in this
sediment depth can most likely be ruled
out.
Having challenged processes such as a
source of CO2 due to carbonate dissolution, or an isotope shift due to methane
oxidation, we propose that the onset of
microbial methane production via the
CO2-reduction pathway related to organic
matter reactivation is the most probable
process causing the observed isotope pattern. This possibility is supported by elevated alkalinity in the pore water that
coincides with the shift in the carbon isotope composition at Site C0006 (Figure 3),
implying that organic matter is microbially
Figure 6. The calcium concentration pore water proﬁle at Holes C0006E and
mineralized with a consequent production
C0006F shows an increase with depth in the deeper sediment layers, while
the magnesium concentration decreases. Pore water concentration data are
of methane and CO2. Furthermore, the
shipboard data from IODP Expedition 316 [Kinoshita et al., 2009].
carbon isotope signal suggests that the
reactivated organic matter has a different
primary isotopic signature compared to the overlying organic pool. This interpretation is consistent with
the variations in the C/N ratio (Figure 3), pointing to a different type of organic matter composition or preservation in this zone [e.g., Pohlman et al., 2009].
3.2. Time Constraints
The trend for the isotope composition indicates that the causative event is related to a transient event of
young age. More speciﬁcally, if methane was continuously produced over a long period of time, diffusive
transport would have erased variations in the isotope composition at different depths—unlike what we
observe. Here we apply a numerical model to geochemical constituents to investigate the time constraint
for the onset of our hypothesized organic matter reactivation. The measured hydrogen and carbon
isotope data for methane indicate that methane is microbially produced (Figure 5). Methane production
from organic matter occurs via a net reaction for the carbonate reduction pathway (fermentation:
2CH2O 1 2H2O ! 2CO2 1 4H2 and carbonate reduction: CO2 1 4H2 ! CH4 1 2H2O 1CO2): 2CH2O !
CO2 1 CH4, or via acetate fermentation: CH3COOH ! CO2 1 CH4, where for each mol methane produced
1 mol CO2 is also produced [e.g., Whiticar et al., 1986; Whiticar, 1999; Pohlman et al., 2009]. Because of potential loss of methane during core retrieval (degassing of methane due to pressure changes) [see Wallace
et al., 2000], methane concentration proﬁles are not suitable for transport and reaction modeling. Instead,
based on the above described relationship of methane and carbonate production by organic matter
decomposition processes and an interrelated increase in total alkalinity [e.g., Emerson et al., 1982; Wolf-Gladrow et al., 2007], we used the concentration proﬁle of total alkalinity to infer the onset of mechanisms
affecting methane production in these deep subsurface sediments.
To characterize the zones of current net in situ consumption and production and speciﬁcally estimate rates,
we use a one-dimensional numerical procedure (REC) [Lettmann et al., 2012] to simulate the observed alkalinity concentration proﬁle (Figure 7a). These rates and zones were then implemented in the transport and
reaction model (Figure 7). For zones where consumption occurs, the rates were simpliﬁed as zero production rates for further approaches. Inferred in situ rates (1.44 pmol cm23 d21) were used for the surface alkalinity production. For all other depth intervals, background production rates (set in relation to the amount
of TOC and C/N ratio) were set <0.01 pmol cm23 d21. Those rates are in good agreement with previous
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Figure 7. Numerical model data for Site C0006. (a) In situ maximum rates inferred from REC model (green line) and related modeled total alkalinity (TA) proﬁle. (b) Measured porosity
data (open circles) (shipboard data from IODP Expedition 316) [Kinoshita et al., 2009] and starting alkalinity concentrations for applied reaction and transport modeling (CoTReM). (c)
Measured total alkalinity data (open circles) and modeled total alkalinity concentration proﬁle for different starting maximum net rates. The data show a best model ﬁt for 1.5–2 pmol
cm23 d21 with a time of 300 years (only small variation between 200 and 400 years). Lower rates, <1.5 pmol cm23 d21, are not sufﬁcient to reach measured concentrations even when
run for longer period (for further details see text).

reported potential methanogenesis background rates, for example, from the Bering Sea at similar deep subsurface sediments [Wehrmann et al., 2011]. To reconstruct a timeframe for the onset of organic matter reactivation via a temperature increase, we assume that the reactivated organic matter is degraded
exponentially (according to Westrich and Berner [1984]). The zone with maximum increase of production
rates was set at 470 mbsf, the center of the deep subsurface total alkalinity and d13C-CH4 excursion.
Assuming that the impact is local at smaller scale (see discussion 3.3 for thermal increase mechanisms), the
rates strongly decrease (polynomial reduction) about 30 m below and above this zone. As starting production rates at the time of the event, a series of maximum net rates were applied ranging from 0.3 to 3 pmol
cm23 d21. These starting rates are in the range of reported rates for deep subsurface methanogenesis for
the Nankai Trough region off Shikoku Island [Newberry et al., 2004], Hydrate Ridge [Arning et al., 2011], and
the West African Margin area [Sivan et al., 2007]. As a limit for the lowest rate at this zone, we chose a current in situ rate of 0.2 pmol cm23 d21 inferred from the REC model (Figure 7a).
A best model ﬁt to the measured total alkalinity concentration proﬁle was achieved using starting maximum rates of 1.5–2 pmol cm23 d21 (Figure 7c). These rates resulted in the observed proﬁle after approximately 300–350 years (with only small variation between 200 and 400 years before diffusive decrease
occurs). High starting rates of 2.5–3 pmol cm23 d21 reached the measured concentration after about 50–
150 years, respectively. After a diffusive decrease in concentration, the present-day modeled in situ rates
were reached 150–200 years later. Starting rates lower than 1.5 pmol cm23 d21 were not sufﬁcient to reach
measured concentrations of total alkalinity. Those lower rates reach their peak concentration after about
400 years before declining again due to diffusive overprint. These maximum concentrations are still below
the measured concentration. Our modeling results suggest that a potential causative event most likely
occurred in the last 200–400 years, leading to the reactivation of the organic matter and consequent onset
of methanogenesis with rates >1.5 pmol cm23 d21.
3.3. Potential Mechanisms for Transient Thermal Increase Over a Distinct Depth Interval
Having ruled out other methane production models and solved for the timing of hypothesized reactivation
of organic matter, we now need to explore the possible driving mechanisms for this reactivation. Microbial
methane mediation in sediments below 450 and 425 mbsf at IODP Sites C0006 and C0007, respectively,
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is unexpected and requires an explanation. Here we explore geochemical and thermal processes that might
explain our observations.
Thermal processes offer a viable class of candidate processes because an increase in temperature can make
the organic matter available for microbial degradation. Burdige [2011] showed that organic matter, refractory at low temperature, can bypass extensive remineralization in shallow sediments and become available
for microbial processes with increasing depth and thus increasing temperature. This progressive burial and
attendant heating would result in an almost linear change in the bioavailability of organic matter (until a
certain time-temperature threshold where the remaining organic material is no longer bioavailable) and not
in a sudden excursion in potentially related geochemical constituents as observed in our sediments at the
toe of the accretionary prism (Figures 3 and 4). Additionally, Site C0006 is characterized by a low thermal
gradient (Figure 3) [Kinoshita et al., 2009; Harris et al., 2011]. An increase in temperature with depth along
the observed geothermal gradient would be too low to account for the reactivation of organic matter at
this site (the red zone in Figure 3 shows the approximate temperature required for reactivation; inferred
from Parkes et al. [2006]). Instead, a transient increase in temperature with a consequent reavailability of the
organic matter could be responsible for the observed geochemical signals. Possible processes include
advective ﬂuid ﬂow or frictional heating from a nearby fault. Advective ﬂuid ﬂow from deeper layers along
the decollement could lead to an increase in temperature; however, there is no clear geochemical evidence
for long-distance advective ﬂux of ﬂuids along the decollement and associated splay faults at the sites
drilled during Expedition 316 [Screaton et al., 2009a].
In contrast to the progressive heating with burial, coseismic frictional heating, as documented at other subduction margins, can lead to a rise in the temperature over a short period of time [e.g., Fulton et al., 2013]
and thus impact the organic reactivity [Savage et al., 2014], though only at spatial scales of millimeters to
centimeters from the fault slip plane [e.g., Fulton et al., 2010; Fulton and Harris, 2012]. Such frictional heating
from earthquake rupture that reached the frontal part of the Nankai prism was inferred using vitrinite reﬂectance data [Sakaguchi et al., 2011]. However, localized ﬂuid ﬂow is still needed to explain temperature
changes (around 58C or higher) over a distance greater than a few centimeters from the fault plane to
account for the reactivation of organic matter resulting in the observed geochemical proﬁles.
In addition to frictional heating, earthquakes and aftershocks can cause a change in permeability and, consequentially, increase the hydraulic diffusivity for example by breaking up permeability-limiting ﬁne-grained
deposits [e.g., Manga et al., 2003; Manga et al., 2012; Candela et al., 2014]. Such a permeability change in the
accretionary prism sediments can favor the channeling of ﬂow parallel to fault structure [Ikari and Saffer,
2012]. Deformation can open permeability and lead to changes in the pressure regimes that can cause ﬂuid
squeezing and consequently advective ﬂuid ﬂow. At Hole C0007D, Ikari and Saffer [2012] discuss a permeability increase, which could allow a (lateral) ﬂuid ﬂow on small scale. At Site C0006, two concentrated
deformation zones were identiﬁed in the lower core deposits (at 433.75–440.00 and 526–545 mbsf), with
tectonic breccia observed at about 440 mbsf. Similar observations have been made on the Alpine Fault
(New Zealand), where ﬂuid ﬂow occurs along the higher-permeability damage zone on both sides of the
gouge zone [Sutherland et al., 2012]. After heat diffusion in thin low-permeability layers (the gouge zone)
reaches the damage zone, the heat could be further transported by advective ﬂuid ﬂow away from this
zone.
Many deformation structures were described in the sediment core around 460–490 mbsf, with an abundance of small fractures [Kinoshita et al., 2009]. These could allow potential discrete ﬂuid ﬂow pathways.
The observed isotope excursion falls just below the upper deformed zone in this fractured zone (Figure 8).
Some fraction of the coseismic frictional heating-induced temperature increase of up to 3008C [Sakaguchi
et al., 2011; Fulton and Harris, 2012] could be transported within ﬂuids along those fractures. The ﬂow of
heated ﬂuids along the damage zone would lead to a localized thermal elevation and thus a temperature
increase of the surrounding environment of a few 8C for a short period of time. The lack of geochemical
observations indicative of ﬂow from depth suggest that this ﬂuid ﬂow occurs over a short distance or along
concentration contours.
Although we do not know the exact mechanism that would cause a localized thermal perturbation, a combination of frictional heating and advective ﬂuid ﬂow appears to be the most reasonable scenario for a
short-term temperature excursion over a narrow sediment interval at our investigated sites. Such a
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Figure 8. Schematic geochemical proﬁles with potential biogeochemical processes and structural features at Site C0006. (a) Simpliﬁed structural overview and transport mechanisms
related to the zone of carbon isotope excursion (red square). (b) Lithology and sediment description of Core 11R [after Kinoshita et al., 2009] as an example of the highly fractured sediment layers below a major deformation zone. (c) Simpliﬁed geochemical proﬁle of d13C-CH4 (blue line) and dD-CH4 (gray dashed line) and zones of potential biogeochemical processes.

temperature rise would lead to an increase of organic matter reactivity/bioavailability [Parkes et al., 1989].
The subsequent generation of organic substrates [Parkes et al., 1989] could explain the stimulation of microbial activity via a new supply of energy [Wellsbury et al., 1997; Parkes et al., 2006] in these deep marine sediments (Figure 8).

4. Summary and Conclusions
The data from sediments at IODP Site C0008 show a classic isotope proﬁle for methane, with almost no variation throughout the deeper sediment column, while at Sites C0006 and C0007 the methane isotope composition indicates active methanogenesis occurring several hundreds of meters below the seaﬂoor (Figures
2–4). The concurrent increase in total alkalinity concentration and decrease in C-isotope values indicates
methane production in deep-subsurface sediments. After considering the full range of possibilities, we
attribute the active microbial carbon cycling at the toe of the accretionary prism to either substrate delivery
to the microbial community by ﬂuid ﬂow or as a result of reactivated organic matter via a transient increase
in temperature. Both scenarios require tectonic activity that we relate to seismicity, though we acknowledge
ambiguity in the actual mechanism that causes a temperature increase of a few 8C over several meters and
the related organic matter reactivation, i.e., the energy source for the microbial activity. Nevertheless, the
application of a numerical model suggests that the tectonic event occurred a few hundred years ago (in the
range of 200–400 years). Although the model is based on several assumptions, our estimate remains robust
for various rate scenarios—placing the event into recent historical time frames. Two historically documented earthquakes occurred within this time frame suggested by our numerical model results: the multisegment mega Hoei-earthquake in 1707 [Ando, 1975] and the comparably smaller 1605 Keicho earthquake
with known, exceptionally large tsunami. This suggests the possibility that at least one of these events
slipped to the trench at the Nankai and was responsible for the transient heating that resulted in the
observed methane C-isotope excursion.
Moreover, the tectonic impact on the carbon cycle might inﬂuence the application of carbon paleo-proxies.
Although in young sediments the production of methane and consequent enrichment of the residual
organic matter in 13C has no signiﬁcant impact on the bulk organic isotope signal [Boehme et al., 1996], the
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change of the isotopic composition of organic matter during constant degradation with depth and even
reactivation could have an impact on the buried and preserved carbon isotope signal. For example, the
released dissolved inorganic carbon during the organic matter mineralization could overprint the C-isotopic
signature of carbonates precipitated during early diagenesis. The inﬂuence on the isotopic signal thus
might not only impact the interpretation for the origin of organic matter and/or carbonates in ancient rocks
but could also be a powerful tool to diagnose and constrain the timing of young tectonic events. Furthermore, the associated methane isotope excursion could be used to pin down ongoing microbial activity in
deep biosphere environments—thus providing a potential road map for further and more detailed microbial investigations.
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