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ARTICLE INFO ABSTRACT

Edited by: Dr H Bao Biogeochemical processes in subseafloor sediments change significantly over geological timescales due to
changing oceanographic, climatic or depositional conditions. Using dynamic reactive transport modeling, we
reconstructed the evolution of biogeochemical processes over the past 5.5 million years in ~1.2-km deep and up
to 120 °C hot sediments from International Ocean Discovery Program Site C0023 in the Nankai Trough, which
records a complex depositional and thermal history. A distinctive feature is an inverse sulfate-methane transition
(SMT) with a broad overlap zone between sulfate and methane of ~100 m, located in 80° to 85 °C hot sediments.
This temperature coincides with the known temperature limit of anaerobic methane-oxidizing microbial com-
munities. Based on a reactive transport model, we show that the inverse SMT was established ~2.5 million years
ago (Ma) after the onset of biogenic methanogenesis and anaerobic oxidation of methane (AOM) as a conse-
quence of increased organic carbon burial. Depth-integrated AOM rates decreased markedly since the beginning
of trench-style deposition and an associated rapid heating of ~50 °C across the sediment column ~0.4 Ma. We
argue that the activity of anaerobic methane-oxidizing communities at the inverse SMT has already started to
cease and that the SMT is in the process of disappearing. This is the first study that documents the successive
fading of an SMT and the decrease in the efficiency of this microbial methane sink as a result of sediment
temperature increasing beyond the threshold of being suitable for anaerobic methane-oxidizing microbial
communities.

Keywords:

Deep biosphere

IODP site C0023
Temperature limit

Reactive transport modeling
Inverse SMT

1. Introduction nutrient-poor conditions, but they also face increasing temperatures

with progressive burial, with a typical gradient of 30 °C per km (Inagaki

The deep subseafloor biosphere is generally referred to sediments
deeper than 5 m below seafloor (mbsf) and represents the largest organic
carbon (Corg) reservoir on Earth (e.g., Horsfield et al., 2006). Organic
matter degradation drives microbial activity in up to at least 2.5 km deep
subseafloor sediments (Inagaki et al., 2015) and due to its vast exten-
sion, the deep subseafloor biosphere plays an important role in global
biogeochemical cycles (D’Hondt et al., 2002, 2004; Inagaki et al., 2006;
Hoshino et al., 2020). However, the microorganisms within subseafloor
sediments are not only exposed to extreme energy-limited and
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etal., 2015; Lever et al., 2015). In laboratory experiments, microbial life
has been shown to withstand 120 °C (e.g., Blochl et al., 1997; Takai
et al., 2008), but the upper temperature limit of the deep biosphere, and
thus its lower boundary, is still unknown.

To explore the temperature limit of the deep biosphere and the
prerequisite of microbial life under extreme conditions and nutrient
limitation, International Ocean Discovery Program (IODP) Expedition
370 drilled Site C0023 down to 1180 mbsf in the Nankai Trough off Cape
Muroto, Japan (Fig. 1; Heuer et al., 2017). Although the temperature
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increases from ~2 °C at the sediment-water interface up to 120 °C + 3
°C at the basement, vegetative cells and microbial activity were
observed throughout the entire sediment column (Heuer et al., 2020;
Beulig et al., 2022). However, cell concentrations and potential meta-
bolic rates determined by radiotracer incubation experiments signifi-
cantly dropped by two to three orders of magnitude above 45 °C,
marking the temperature limit for the growth of mesophilic microor-
ganisms (Heuer et al., 2020; Beulig et al., 2022). Besides a conventional
sulfate-methane transition (SMT) located in the upper 5 m of the sedi-
ments (Shipboard Scientific Party, 2001), the present-day profiles of
sulfate (SO?{) and methane (CHy4) also display an inverse SMT at ~730
mbsf with elevated CHy4 concentrations above and increasing SOZ con-
centrations below (Fig. 2A; Heuer et al., 2017). In contrast to a con-
ventional SMT, where SOF~ diffusing from the overlying seawater into
the sediment is consumed, SOF~ originating from greater depths is
reduced at an inverse SMT. The formation of an inverse SMT has earlier
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been described in subseafloor sediments from the Peruvian shelf (Ocean
Drilling Program (ODP) Sites 1226 and 1229; Contreras et al., 2013;
Tsang and Wortmann, 2022), the Bering Sea (IODP Site U1341; Wehr-
mann et al., 2013) and the Gulf of Alaska (IODP Site U1417; Zindorf
etal., 2019). The deep sulfate pool is often associated with sulfate supply
from lateral inflow of seawater (e.g., Wehrmann et al., 2013) or from a
basement aquifer (e.g., D’'Hondt et al., 2004; Torres et al., 2015; Zindorf
et al., 2019; Tsang and Wortmann, 2022). However, at Site C0023, the
elevated SOF~ concentrations below 730 mbsf are likely the result of a
relict SO3~ pool that was not consumed in the past (Kster et al., 2021).

Biogeochemical processes can change significantly on glacial-
interglacial and longer geological timescales due to changing oceano-
graphic, climatic and depositional conditions, thereby inducing typical
non-steady state diagenesis in the sediment/pore-water system (e.g.,
Thomson et al., 1984; Kasten et al., 1998; Riedinger et al., 2005; Arndt
et al., 2006; Henkel et al., 2012). For example, the SMT in subseafloor

@ Present position
@ Position in the past

Fig. 1. Simplified schematic plate tectonic configuration of the Nankai Trough subduction zone offshore Japan in the northwestern Pacific Ocean and the relative
movement of Site C0023 during its tectonically induced migration over the past 15 million years. Japan is held fixed at its current position. Blue and red symbols
represent the present position of Site C0023 and its former position during the tectonic migration, respectively. Modified after Heuer et al. (2017), Lin et al. (2016)

and Underwood and Guo (2018).
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Fig. 2. Geochemical profiles of IODP Site C0023. Pore-water profiles of (A) sulfate (S0%7) and methane (CH,), (B) dissolved inorganic carbon (DIC) and its isotopic
composition (8*3C-DIC), (C) dissolved calcium (Ca?") and (D) solid-phase profile of organic carbon (Cy). All geochemical data except for 8'3C-DIC (this study),

lithological units and temperature data are from Heuer et al. (2017) and (2020).

sediments from the Peruvian shelf has shifted in response to cyclic
changes in organic carbon flux over glacial-interglacial timescales
(Contreras et al., 2013). Similarly, Wehrmann et al. (2013) have shown
variations in the flux of CH4 and SO%™ in sediments from the Bering Sea
due to changes in the amount and quality of organic matter over the last
4.3 million years. While several studies have focused on the microbial
distribution, diversity and metabolic activity in different subseafloor
regions (e.g., D"Hondt et al., 2004; Kallmeyer et al., 2012), the evolution
of microbial activity as a consequence of changing environmental con-
ditions on longer timescales is less understood.

We have previously reconstructed the evolution of biogeochemical
processes at Site C0023 over the past 15 million years along its tecton-
ically induced migration of 750 km from the Shikoku Basin to the
Nankai Trough (Fig. 1) and presented a conceptual geochemical process
model (Koster et al., 2021). We demonstrated that significant changes in
sedimentation rates, organic matter contents and thermal conditions led
to a transition from an organic carbon-starved environment with pre-
dominantly aerobic respiration processes and deep sulfate penetration
and preservation to elevated carbon burial and the onset of anaerobic
electron-accepting processes including biogenic CH4 production and
anaerobic oxidation of methane (AOM).

Here, we assess the plausibility of the conceptual model by using
reactive transport modeling. We simulate the SOF and CH,4 profiles
including the depth of the SMT as a function of sedimentation rate, Corg
burial and temperature. We further derive metabolic rates from the
model and investigate how microbial activity within the deep SMT
responded to burial and heating.

2. Material and methods
2.1. Geological and sedimentary setting

IODP Site C0023 (32°22.00N, 134°57.98E; 4776 m water depth) is
situated SW of Japan in the Nankai Trough, where the Philippine Sea
plate is subducting beneath the Eurasian plate (Fig. 1; Heuer et al.,
2017). The Nankai Trough is characterized by anomalously high heat
flows (Yamano et al., 1992). With a geothermal gradient of 110 °C km™!,
the temperature at Site C0023 increases from ~2 °C at the
sediment-water interface up to 120 °C + 3 °C in the deepest core

retrieved from the basement at 1177 mbsf (Heuer et al., 2020).

The ~1.2 km-thick sediment sequence at Site C0023 can be classified
into five lithological units (Table 1). The volcaniclastic facies is the
oldest unit that accumulated on the ~16 million-year-old basaltic
basement when Site C0023 was located close to the spreading center of
the Shikoku Basin (Fig. 1A). It is overlain by the Lower and Upper Shi-
koku Basin facies, both characterized by hemipelagic bioturbated
mudstones (Taira et al., 1992). Site C0023 has moved ~750 km relative
to its present geographic position from the central Shikoku Basin to the
Nankai Trough due to tectonic motion of the Philippine Sea plate (Fig. 1;
e.g., Mahony et al., 2011). The Trench-Basin Transition and the Trench
Wedge facies (Unit IIA and IIB) accumulated on the ~600 m thick
sequence of basin-style deposited hemipelagic mudstones when Site
C0023 reached the subduction zone (Fig. 1D). The trench facies are
characterized by turbidite-deposited mud, silt and sand (Taira et al.,
1992). The transition from basin- to trench-style deposition led to a
significant increase in sedimentation rates by two orders of magnitude
from ~5.0 during deposition of the Lower Shikoku Basin facies to ~130
cm kyr'! during deposition of the Trench Wedge facies (Table 1; Hagino
and the Expedition 370 Scientists, 2018). This increase in sedimentation
rates was accompanied by a rapid temperature increase of about 50 °C
across the entire sediment column (Horsfield et al., 2006; Heuer et al.,
2020; Tsang et al., 2020). At present, the Cyg contents are overall low
(<0.6 wt %; Fig. 2D; Heuer et al., 2017). The deep inverse SMT, where
downward diffusing CH, intersects with upward diffusing SO%~, which
is preserved in the Lower Shikoku Basin facies, is located at ~730 mbsf
(Fig. 2A; Heuer et al., 2020; Koster et al., 2021), with CH4 and SO%_
overlapping in a relatively broad zone of ~100 m (Fig. 2A).

2.2. Geochemical analyses

In this study, we use sulfate (SO%’), dissolved inorganic carbon
(DIC), methane (CHy), calcium (Ca®") and total organic carbon (Corg)
data from Site C0023 obtained during IODP Expedition 370 (Heuer
et al., 2017). All pore-water, gas and sediment measurements were
performed onboard D/V Chikyu according to IODP standard protocols
(Morono et al., 2017).

The carbon isotopic composition of DIC (8'3C-DIC) was determined
via isotopic ratio monitoring-gas chromatography mass spectrometry
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Table 1

Earth and Planetary Science Letters 672 (2025) 119694

Lithological units and associated facies, lithology, depth range, age and sedimentation rates at IODP Site C0023 (Heuer et al., 2017). Ages and sedimentation rates are
based on biostratigraphy studies of calcareous nannofossil assemblages (Hagino and the Expedition 370 Scientists, 2018).

Unit  Facies Lithology Depth Age Sedimentation rate [cm
[mbsf] [Ma] kyr’l]
A Axial Trench Wedge Hemipelagic and pelagic sand, muddy sand, turbidite-deposited silt and 189-318.5
sandstones

1B Outer Trench Wedge Hemipelagic and pelagic mud, turbidite-deposited mudstones 353-428 0.29 131.9
1IC Trench-Basin Turbidite-deposited silt and sand, tuffs and volcaniclastic sediments 428-494 0.29-0.43 61.0

Transition
I Upper Shikoku Basin Heavily bioturbated volcaniclastic mudstones 494-637.5 0.43-2.53 9.3-6.0
I\ Lower Shikoku Basin Heavily bioturbated mudstones with green ash-rich laminae 637.5-1112 2.53-13.53  6.0-3.5
A Acidic volcaniclastics Mudstones and felsic ash 1112-1125.9

Basaltic basement Hyaloclastites 1125.9

(GC-C-MS; Thermo Finnigan Delta Plus XP isotope-ratio mass spec-
trometer (IRMS) connected to TRACE GC Ultra gas chromatograph) (Ijiri
et al., 2012) at the Kochi Institute for Core Sample Research, JAMSTEC,
Japan. The 8'3C-DIC values are expressed relative to VPDB (Vienna Pee
Dee Belemnite). The standard deviation from repeated carbon isotope
analysis of the laboratory standard (NaHCOj3 solution) was <0.2%o.

2.3. Reactive transport modeling setup and parametrization

A one-dimensional reactive transport model (e.g., Berner, 1980;
Boudreau, 1997) was used to simulate the past evolution of the SO‘Z( and
CHy4 profiles. The reactive transport model consists of three dissolved
species (SO?(, CH,4 and DIC), one solid species (Corg) as well as three
reactions (organoclastic sulfate reduction (SR), biogenic methano-
genesis (MG), and anaerobic oxidation of methane (AOM)) and uses the
one-dimensional (depth, z) advection-diffusion-reaction equations
(Mogollon et al., 2016; Volz et al., 2020) for dissolved (Eq. (1)) and solid
species (Eq. (2)):

0Cij _ 0 (piDij OCij 0(piviCi_j
ot *az( o o TR @
6 GU o ()(1 — qal-)w,-GiJ-
(1-¢) e - wm T (1-w) E R (2)

where t is time, z is sediment the depth in meter below seafloor (mbsf)
and i,j represent subscripts depicting depth and species-dependence,
respectively; ¢ is the porosity (Eq. S1); C,G are the species concentra-
tion (dissolved (SO%’, CHy, DIC) and solid (Corg) species, respectively); D
is the tortuosity-corrected diffusion coefficient (6%, which was calcu-
lated according to Boudreau (1996) as F=1- 2In(¢); v and w are the
burial velocity of the dissolved (Eq. (S2)) and the solid phase (Eq. (S3)),
respectively; 2R;; is the sum of the reactions affecting the given species j.
The effects of bioturbation and bioirrigation are not considered in the
model since biologically induced mixing affects the upper 10 cm of
sediment, which is not the focus of this study.

The primary redox reactions include organoclastic sulfate reduction
(SR; Eq. (3)), methanogenesis (MG; Eq. (4)), AOM (Eq. (5)) and the
precipitation of gypsum and/or anhydrite (CaSO4-nH20; Eq. (6)):

2CH,0 + SO} —2HCO; + H,S 3)
2CH,0 + H,0—~HCO; + CH4+H" 4
SO + CH4 + H'—HCO; + H,S + H,0 )]
SO} + Ca®" + nH,0—CaS0,4-nH,0 (6)

The rate of organic matter degradation (Rtoc) was modeled using a
3-G model in which the heterogeneity of organic matter and its evolu-
tion during burial is considered (Jorgensen, 1978). In the 3-G model, the
organic matter pool is classified into three discrete fractions (labile C},

metabolizable CZ, and refractory C3.), whereby each fraction is

characterized by a specific degradability. Following this assumption, the
rate of organic matter degradation was calculated as follows:

3

Rroc = — Zl’iq,,g )
i=1

where C,,, and o; are the concentrations of organic carbon and the

specific first-order degradability of each fraction,
(Jgrgensen, 1978).

The rate expressions for SR (R;), MG (Ry), AOM (R3) and the pre-
cipitation of anhydrite and/or gypsum (R4) are given by:

respectively

R, = RToc(l —fs) (8)

Ry = Rrocfs (C)]
CcraC.

Ry = kpou X w0 10

Csos + ks aom

Ry = kyp % (%7 1>‘ an

sp

The factor f; (Egs. (8) and (9)) is a rate-limiting term that determines
the extent to which organoclastic sulfate reduction and methanogenesis
are inhibited by sulfate. It is based on the complementary error function
(erfc) defined by:

L if Csoa < Co4
0 if Cso4 > C;m
12)

fs = 0.5 x erfc((Csoa — Cp4) / kin), Where f; ~ {

The terms Cg, and ki, are the threshold sulfate concentration for
methanogenesis and a parameter controlling steepness, respectively
(Burdige et al., 2016a, 2016b). The AOM rate depends on a Monod type
kinetic function with an inhibition constant ks som of 1 mM (Nauhaus
et al., 1995) and the rate constant kaoy (Arndt et al., 2006). The factor
kpp is the kinetic rate constant of the CaSO,-nH-O precipitation and K, is
the solubility product.

The temperature dependent rate constants kaom and o;_;_3 are
defined as:

kaom = kyopf (T)Fin(T), 13)
and
0i=1-3 = 5?:1,3f(T)Fin(T)7 (14)

where kS, and ¢? are the AOM rate and organic matter degradation
rate constants at the reference temperature, Ty, respectively; f(T) de-
termines the temperature dependency of the rate constant and Fi,(T) is a
temperature-limiting term (LaRowe et al., 2014).

The temperature dependence of rate constants f(T) is calculated
using the temperature coefficient for reactions rates Qo (LaRowe et al.,
2014):
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1
f(T)=Quo 10 .

The value of Qo indicates the factor by which the rate constants
increase for every 10-degree increase in temperature compared to the
reference temperature T, at the sediment surface (10 °C).

The temperature limiting term Fi;(T) which is based on the
assumption that microbes grow or catalyse reactions over a finite tem-
perature range, is defined as:

(15)

(16)

Fin(T) = 0.5-erfc (T _ T°)7

Tin
where T is the in situ temperature, T is the threshold temperature, T;,
the steepness parameter, and erfc the complementary error function
(LaRowe et al., 2014).

We performed sensitivity tests using different values for the tem-
perature coefficient for reactions rates Qjo, the steepness parameter Ty,
and the threshold temperature T¢ for AOM and organic matter degra-
dation (Fig. 3). Based on these tests, we have set the Qo and Tj,values to
1.7 and 1 °C, respectively. While Q9 > 1.7 leads to an even broader
SMT, Q1o < 1.7 results in an upward shift of the deep SMT (Fig. 3A).
High T;, values lead to a gradual decrease in and a smoothing of the
temperature limiting term F;,(T), which, in turn, would imply that mi-
crobial activity is not temperature-dependent (Fig. 3B).

Observations from cultivation-based approaches in hydrothermally
influenced sediment from the Guaymas Basin demonstrated activity of
thermophilic anaerobic methane-oxidizing communities at tempera-
tures between 5 °C and 75 °C with an apparent optimum between 45 °C
and 60 °C (Kallmeyer and Boetius, 2004; Holler et al., 2011). More
recently, CH4 at Site C0023 was found to be biologically oxidized until
sediments reach a temperature of 80° to 85 °C. Using a T value for AOM
greater than 60 °C, the SMT represents a sharp boundary (Fig. 3C).
However, the CH,4 and SO~ profiles currently overlap over a large in-
terval of about 100 m (Fig. 2A). Therefore, we set the threshold tem-
perature Tc=60 °C for AOM (Fig. S1M). Since vegetative cell
concentrations and methanogenesis rates drop two orders of magnitude
above 45 °C (Heuer et al., 2020), we use a T¢ value of 45 °C for organic
matter degradation (Fig. SIN-P). The temperature limiting term F,(T) is

Earth and Planetary Science Letters 672 (2025) 119694

1 when T < T¢ and approaches 0 when T > Tg.

The boundary conditions at the sediment-water interface are
imposed concentrations and fluxes for the aqueous and solid species,
respectively, while a zero-gradient boundary condition is used for all
species at the sediment-basement interface. We used a constant domain
size of 1200 m. Seven snapshots were constructed according to the age
model for Site C0023 (Hagino and the Expedition 370 Scientists, 2018)
with different sedimentation rates and Corg flux (Forg1, Forgz and Forg3) at
the upper boundary at each depositional environment (Tab. S1).

The model was coded in R (version 3.2.4) using the ReacTran
package (Soetaert and Meysman, 2012) to solve Eq. (1) and (2). The
advective velocities of dissolved and solid species were solved using the
compact grid function within the ReacTran package, which considers
sediment compaction. All the species, parameters and boundary condi-
tions except those given in the text are listed in Table S1.

3. Results and discussion
3.1. Past migration of the deep SMT

We simulated the evolution of the shallow and the deep SMT over the
past 5.5 million years to quantitatively test the conceptual geochemical
process model presented by Koster et al. (2021; Fig. 4). Low organic
carbon supply and low sedimentation rates led to overall low carbon
burial rates during deposition of the Lower Shikoku Basin facies. As a
consequence, the Corg contents in these carbon-starved sediments were
insufficient to deplete the entire SO~ pool and consequently, it could
penetrate deeply into the sediments (Koster et al., 2021). Our model
confirms that SO~ was not completely exhausted during deposition of
the Lower Shikoku Basin facies but preserved in the lowermost 400 m
(Fig. 4A). Increased Cog burial rates possibly related to elevated marine
productivity during deposition of the Upper Shikoku Basin facies initi-
ated the onset of biogenic methanogenesis (MG) ~2.5 million years ago
(Ma). Consequently, a shallow SMT formed, where upward diffusing
CH4 reacted with SO3~ diffusing downwards from the overlying
seawater. Due to the availability of the relict SO~ pool in the Lower
Shikoku Basin facies, a second deep inverse SMT formed, where down-
ward diffusing CH4 was oxidized by the preserved SO%’ (Fig. 4B; Koster
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Fig. 3. Sensitivity tests using different values for Q,, the steepness parameter Tj, and the threshold temperature T, for AOM and organic matter (OM) degradation.
Solid and dashed lines represent sulfate (S0%) and methane (CH,), respectively. In this study, we used Q19 = 1.7, Ti, = 1 °C, T. = 60 °C for AOM and T, = 45 °C for

organic matter degradation.
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Fig. 4. Simulated profiles of sulfate (SO%’) and methane (CH,4) derived from the reactive transport model over the past ~5.5 million years. The snapshots (A) to (F)
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trations of SO3~ and CH, from IODP Site C0023 (Heuer et al., 2017) and SO3~ concentrations from ODP Site 1774 (Shipboard Science Party, 2001). Temperature data

are from Heuer et al. (2020).

et al., 2021). Continuously increasing Corg burial resulted in elevated
rates of methanogenesis. The resulting increased CHy fluxes shifted the
shallow and deep SMTs up- and downwards, respectively (Fig. 4C). The
formation of an inverse SMT and the subsequent migration as a conse-
quence of changing Cy, burial has earlier been described in subseafloor
sediments from the Peruvian shelf (ODP Site 1229; Contreras et al.,
2013) and in deep sediments from the Bering Sea (IODP Site U1341;
Wehrmann et al., 2013). An increase in quantity and reactivity of Corg at
Bowers Ridge in the Bering Sea, possibly linked to elevated surface

primary productivity at around 2.6 Ma, led to elevated organoclastic
sulfate reduction and initiated methanogenesis, followed by AOM and
the development of two SMTs that migrated over ~130,000 years
(Wehrmann et al., 2013). Similarly, variations in the supply and quality
or Cyg in response to glacial-interglacial cycles in sediments from the
Peruvian shelf caused a cyclic 100,000-year migration of the SMT
(Contreras et al., 2013). In contrast to subseafloor sediments from the
Peruvian shelf and Bering Sea where the observed SMT dynamics are
related to changes in Corg burial (Contreras et al., 2013; Wehrmann
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et al., 2013), this study is the first to reconstruct the biogeochemical
processes and microbial activity in deep subseafloor sediments as a
function of both Cyg burial and temperature by incorporating the tem-
perature dependence into the reactive transport model.

Site C0023 entered the Nankai Trough ~0.4 Ma. The associated
transition from hemipelagic basin- to trench-style deposition led to a
pronounced increase in sedimentation rates by two orders of magnitude
(Table 1; Hagino and the Expedition 370 Scientists, 2018). Since sedi-
ment temperature is a function of heat flow, thermal conductivity and
depth below the seafloor, the arrival of Site C0023 in the trench is
accompanied by a rapid ~50 °C increase of temperature across the
entire sediment column (Horsfield et al., 2006; Heuer et al., 2020; Tsang
et al., 2020). The significant heating of the sediments could have acti-
vated organic matter that is recalcitrant at seafloor temperatures of
~2-3 °C, thus bypassing extensive remineralization (e.g., Wellsburry
et al., 1997; Burdige, 2011). Although the reactivation of recalcitrant
organic matter at high temperatures was not included in the model, the
simulated CH4 profiles suggest enhanced CH4 production in the
methane-rich zone between 200 and 600 mbsf (Fig. 4F-G; Koster et al.,
2021). The stable carbon isotopic composition of CHy4 (8136-CH4) further
supports this assumption. The 5'3C-CH, values vary between —60 and
—65%o in the methane-rich zone, which is typical for a biogenic CHy4
source (Heuer et al., 2020). In contrast, the slight increase in CHy4 con-
centrations below the SMT (Fig. 2A) is attributable to thermogenic
methane production (Heuer et al., 2017, 2020). Thermal degradation of
organic matter, however, is not considered in the model.

3.2. Present-day sulfate and methane profiles and reaction rates

Our model reproduces the present-day SO2~ and CH,4 profile shapes
(Fig. 4). Simulated CH4 concentrations reach maximum values of ~90
mM at 250 mbsf. The current temperature at this depth is ~35 °C, which
corresponds well with the optimum temperature for mesophilic micro-
organisms (20-43 °C) and the preferred temperature range of metha-
nogens (35-42 °C; e.g., Zeikus and Winfrey, 1976). The offset between
in situ and simulated CH,4 concentrations is caused by degassing that
typically occurs during core recovery and sampling (e.g., Niewohner
et al., 1998). Gas voids that occur when the total gas pressure exceeds
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the confining pressure within the core liner (e.g., Spivack et al., 2006)
were observed between 200 and 360 mbsf (Heuer et al., 2017), sug-
gesting that in situ CH4 concentrations were indeed higher than
measured on board.

In this study, we derived present-day SR, biogenic MG and AOM rates
from the reactive transport model (Fig. 5; Tab. S2). The modeled SR
rates reach a maximum of almost 0.3 pmol cm ™3 d~! in the upper 100
mbsf (Fig. 5A). The MG rates are elevated between 100 and 400 mbsf
with a maximum of ~0.4 pmol em> d?! (Fig. 5B). Potential SR and MG
rates at Site C0023 were recently determined in radiotracer incubation
experiments performed at different temperatures within the in situ range
and the addition of different electron donors (Beulig et al., 2022). The
potential SR and MG rates are extremely high (~102 to 10% pmol cm ™3
d_l) in incubations performed at 40 °C (between 200 and 400 mbsf),
similar to the rates typically measured in shallow marine sediments. The
SR and MG rates derived from our model are up to four orders of
magnitude lower (Fig. 5A-B). Modeled rates that are orders of magni-
tude lower than those determined by radiotracer experiments are
commonly observed and reported (e.g., Meister et al., 2022). Radio-
tracer incubations are usually carried out under idealized laboratory
conditions. Although the incubation temperature was adjusted to the in
situ temperature in the sediment, the pressure conditions do not corre-
spond to the in situ conditions. Furthermore, the addition of different
electron donors (trace Hy, acetate or CH4) may have stimulated meta-
bolic activity. Therefore, the reported rates represent the potential
rather than the real metabolic activity of the microbial community
(Beulig et al., 2022). While metabolic rates determined in radiotracer
incubations are generally higher than in situ rates, our model includes
assumptions that may lead to an underestimation of the actual metabolic
rates. For example, since the temperature is an important factor regu-
lating metabolic reaction rates (e.g., Arndt et al., 2013), we integrated a
term that determines the temperature dependency of the rate constants
f(T) and the temperature-limiting term Fj,(T) for catabolic activity
(LaRowe et al., 2014). We are aware that the rate constants may have an
even more complex function of temperature, and thus, this approach
may be greatly simplified. Although our modeled rates are significantly
lower than the potential rates, they are similar to SR rates in other deep
subseafloor environments. Both, modeled and potential SR rates in deep
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Fig. 5. Reaction rates derived from the reactive transport model. Simulated present-day rates of (A) organoclastic sulfate reduction (SR), (B) biogenic methano-
genesis (MG), (C) anaerobic oxidation of methane (AOM) and (D) calcium sulfate (CaSO,4) precipitation. Black, dark grey and light grey dots in (A) indicate potential
SR (using 355-5027) with trace H,, acetate and methane added, respectively (Beulig et al., 2022). Black dots in (B) indicate potential MG rates (using 14¢c-pIC) (Beulig

et al., 2022).
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subseafloor sediments from the Peruvian shelf (ODP Leg 201), for
example, range between 0.0001 and 0.1 pmol em™3 d! (Tsang and
Wortmann, 2022; Kallmeyer et al., 2025). Furthermore, SR rates derived
from reaction transport modeling are in the range of 0.2 to 1.6 pmol
em 3 d7! in deep sediments from the South Australian continental
margin (ODP Site 1130, Leg 182; Wortmann, 2006). Additionally,
radiotracer incubations performed at higher temperatures for Site
C0023 (>400 mbsf) yield lower potential rates that are in a similar range
to the rates derived from our model (<10 pmol cm™ d!; Fig. 5A-B).
Therefore, even if the potential and modeled rates for Site C0023 differ
between 200 and 400 mbsf (Fig. 5A-B), the magnitude of our modeled
rates are reasonable for deep subseafloor environments.

The significant downcore decrease in potential metabolic rates is
accompanied by a drop in vegetative cells from >10* to <10 cells cm™
at an in situ temperature between 40° and 50 °C (Heuer et al., 2020).
This temperature range reflects the upper temperature limit for the
mesophilic microbial community, suggesting that only (hyper-)ther-
mophilic microorganisms survive burial into deeper and hotter sedi-
ments (Beulig et al., 2022).

Beulig et al. (2022) argued that SR has started ~0.4 Ma, following
the onset of rapid sedimentation and associated heating of sediments.
Their argumentation builds on the observation that at ODP Site 1225 in
the eastern equatorial Pacific, where sediment age and C,g contents are
similar to those at Site C0023, SOF~ is depleted by less than 2 mM
compared to seawater values (Shipboard Scientific Party, 2003). How-
ever, thermal conditions at Site 1225 are markedly different with tem-
peratures as low as 7 °C close to the basement. Based on our model, SR
already occurred 5.5 Ma (Fig. 4A), when the thermal regime was similar
compared to the upper ~400 m of the present-day sediment column and
temperatures of up to 50 °C. This temperature range is consistent with
the temperature optimum (~35 °C) of mesophilic sulfate-reducing
bacteria (e.g., Isaksen and Jgrgensen, 1996) and the maximum in po-
tential SR rates in incubation experiments at 40 °C (Fig. 5A; Beulig et al.,
2022). Pyrite enrichments accompanied by minima in magnetic sus-
ceptibility even in the lower parts of the Lower Shikoku Basin facies
between 900 and 1100 mbsf suggest that the inverse SMT and the sul-
fidization front were located deeper in the past, which led to the
diagenetic transformation of iron (oxyhydr)oxides into iron sulfides
(Koster et al., 2021). Similar distinct sulfide-driven transformations of
iron (oxyhydr)oxides into iron sulfides under non-steady-state diage-
netic conditions have also been observed in continental margin sedi-
ments off Argentina and the Southeast African continent (Riedinger
et al.,, 2005; Marz et al., 2008). Thus, an onset of organoclastic SR
already during the deposition of the Lower Shikoku Basin facies before
0.4 Ma is plausible (Fig. 4).

The deep relict SO~ shows a decrease below 1000 mbsf at temper-
atures above 105 °C, suggesting an additional sink of SO%~ (Fig. 2A). The
concomitant sharp increase in Ca2* concentration from 50 to 170 mM
near the basement (Fig. 2C) can be attributed to plagioclase alteration in
the basement (Heuer et al., 2017). During this albitization, anorthite
(CaAl,SizOg) is replaced by albite (NaAl;Si3Og) and Ca’* isreleased into
the pore water (e.g., Humphris and Thompson, 1978). The overall
decrease in SO~ below 1000 mbsf could be due to the precipitation of
anhydrite (CaSO4), a major sink for SO~ in hydrothermal systems (e.g.,
Alt et al., 1986). We integrated the precipitation of CaSO4 phases in the
reactive transport model and derived the precipitation rate (Fig. 5D). It
is important to note here that Ca2* concentrations were not directly
calculated and carbonate precipitation was neglected. We are aware that
the implementation of carbonate and dolomite precipitation, for
example, will significantly alter the pore-water profiles of DIC and SOZ~
(Fig. S1). The implementation of anhydrite precipitation in our model is
intended solely as an example of how further processes can be incor-
porated, especially under high temperature conditions. The pore water
is saturated with respect to anhydrite below 1000 mbsf above 110 °C.
Consequently, the model reproduces a slight decrease in SOF~ concen-
trations in the deeper core (Fig. 4G). Anhydrite precipitation accounts
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for almost 1 % of the total SO?{ consumption (Fig. 6).

The current depth of the shallow SMT at Site C0023 could not be
determined during IODP Expedition 370 since sediments shallower than
~200 mbsf were not recovered (Heuer et al., 2017). Based on SO‘Z( and
CH4 profiles from the adjacent ODP Site 1174 (Shipboard Scientific
Party, 2001), we assume that the shallow SMT is located at ~5 mbsf. The
simulated SMT, however, is located at around 50 mbsf (Fig. 4G). This
difference is related to the lack of geochemical and sedimentation rate
data in the upper 200 m of the sediment column. Therefore, we used the
sedimentation rate of the Trench Wedge facies and took C¢ data as
fitting parameter for the upper 200 m in the model. We performed a time
series simulation for the upward migration of the shallow SMT (Fig. 7). If
assuming a constant present-day sedimentation rate of ~130 cm kyr !
similar to the rate in the most recent Trench Wedge facies (Hagino and
the Expedition 370 Scientists, 2018), an increase in Cog contents of up to
4 wt % in the upper 30 m of the sediment column is necessary to shift the
shallow SMT to ~7 mbsf. This upward migration will take around 2000
years (Fig. 7A). An overall increase in Cog contents is reasonable due to
the proximity to the Japanese Islands (Fig. 1) and, hence, a related
higher input of (terrigenous) organic-rich material from the coast at the
shelf off Shikoku Island. However, an increase of up to 4 wt % might be
overestimated. Thus, we suspect that the shallow position of the SMT is
likely the result of increasing Corg contents in the surface sediments, but
at the same time, a decrease in present-day sedimentation rates
compared to a rate of ~130 cm kyr!

3.3. Fading of the deep inverse SMT

In marine shelf sediments, the SMT is commonly considered as a
sharp boundary where SO7~ and CH4 concentrations decrease below
detection limit (e.g., Niewohner et al., 1998; Riedinger et al., 2005). At
Site C0023, the SO%’ and CH4 profiles overlap in a relatively broad zone
between ~600 and 700 mbsf, whereby CH4 only reaches near-zero
concentrations (<0.5 mM) at ~785 mbsf (Fig 2A). A similar tailing of
CH, into the SO5™ -rich zone, but at considerably shallower depth of 2 to
3 mbsf, has been commonly observed in shallow sediments of the Black
Sea and is explained by inefficient microbial CH4 oxidation (e.g., Knab
et al., 2009). A positive excursion in §'3C-CHy4 values up to —54%o,
indicative of a biogenic CH4 sink and the activity of AOM-performing
organisms (Heuer et al., 2020), locates the current deep inverse SMT
at ~730 mbsf and, thus, between the actual sulfate-methane overlap
zone and the depth, where CH,4 decreases to near-zero (~785 mbsf). This
depth corresponds to a temperature of 80° to 85 °C (Fig. 2A). As
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Fig. 6. Percentage of organoclastic sulfate reduction (SR), anaerobic oxidation
of methane (AOM) and anhydrite (CaSO4) precipitation in the total sulfate
consumption over the past ~5.5 Ma. Upper and lower AOM correspond to the
consumption at the shallow and the deep inverse SMT, respectively.
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Fig. 7. Time series for the evolution of the sulfate (SO%~; solid lines) and
methane (CHy; dashed lines) profiles if the Cog contents in the upper ~30 m of
the sediment column are increased of up to 4 wt %. The sedimentation rate in
this scenario is equal to the sedimentation rate of ~130 cm kyr~! determined
for the most recent Trench Wedge facies recovered at Site C0023.

incubation experiments with hydrothermal sediments from the Guay-
mas Basin have shown that AOM is limited at temperatures around 80 °C
(e.g., Kallmeyer and Boetius, 2004; Holler et al., 2011), Koster et al.
(2021) inferred that AOM only barely occurs at Site C0023 at present.
Here, we assess the evolution of AOM activity by simulating AOM
rates. The depth-integrated AOM rate for the inverse SMT significantly
dropped from ~0.45 to 0.1 mmol m™ yr! since the beginning of the
rapid burial and associated heating of sediments ~0.4 Ma (Fig. 8).
Similarly, the isotopic composition of dissolved inorganic carbon (5'3C-
DIC) provides no indication of intense AOM activity at the present-day
inverse SMT (Fig. 2B). Strongly '3C-depleted DIC down to —30.0%o is
typically indicative of AOM (e.g., Alperin et al., 1988; Meister and
Reyes, 2019). At Site C0023, 5'3C-DIC values are relatively constant
around -5.0%o below 500 mbsf. Furthermore, the potential AOM and SR
rates with the excess addition of CHy are not elevated at the depth of the
current deep SMT (Beulig et al., 2022). These observations collectively
suggest that AOM activity at the inverse SMT is at the threshold to cease
or has already stopped and consequently, the SMT is in the process of
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Fig. 8. Simulated depth-integrated AOM rate since the onset of AOM 2.5 Ma.
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gradually disappearing. This is consistent with the findings of a previous
study in which we demonstrated that, based on the isotopic composition
of dissolved iron, the microbially mediated release of iron stopped due
to the increase in temperature beyond the threshold of mesophilic
microorganism (Koster et al., 2023). In the future, the concentration
gradients of SO3~ and CH, will further equilibrate by diffusion, leading
to an even broader sulfate-methane overlap zone. Such extremely broad
overlap zones of SO~ and CHy, for example, have been observed at the
open-ocean ODP Site 1226 in the eastern Pacific Ocean, which is char-
acterized by low Corg contents and net metabolic rates (D’Hondt et al.,
2004) or at ODP Site 1131 on the continental margin of the Great
Australian Bight (Mitterer et al., 2001). The process described here for
Site C0023 is referred to a “fading SMT”. This is the first time that such a
fading of an SMT due to cessation of microbial activity has been
observed in situ close to the temperature limit of the deep biosphere. In
summary, compared to other deep subseafloor environments, Site
C0023 has two notable characteristics, highlighting its unique biogeo-
chemistry. Firstly, a deep inverse SMT is often associated with SO3~
diffusion from the underlying basement aquifer (e.g., D'Hondt et al.,
2004; Torres et al., 2015; Zindorf et al., 2019; Tsang and Wortmann,
2022). Sulfate in the deep sediments at Site C0023, however, is the result
of a relict pool, that was not completely exhausted during deposition of
the Lower Shikoku Basin facies (Koster et al., 2021). Secondly, while the
inverse SMT in relatively cold subseafloor environments (e.g., Peruvian
shelf) is controlled by Cqg burial, the SMT dynamics at Site C0023 are
governed by the combination of changing Cog burial and increasing
sediment temperature.

4. Conclusions

In this study, we quantitatively tested the conceptual model we
previously proposed (Koster et al., 2021) by using reactive transport
modeling. Site C0023 has undergone significant changes in biogeo-
chemical processes, which are ultimately the result of strongly changing
depositional and, in particular, thermal conditions that are driven by the
tectonic migration of the ocean floor. Based on the reactive transport
model, we demonstrated the evolution of the deep inverse SMT from its
formation at ~2.5 Ma, through its downward migration until ~0.5 Ma,
to its decay since the onset of the rapid heating at ~0.4 Ma. With pro-
gressive burial and associated heating, the AOM activity at the deeper
inverse SMT gradually decreases and the SMT successively disappears.
Our study demonstrates that the sediment temperature plays a key factor
in determining the rates of biogeochemical processes and microbial
activity — in particular in deposits of subduction zones like the Nankai
Trough and the Cascadia margin that are characterized by high
geothermal gradients. Therefore, changes in temperature and their
impact on rate constants as a consequence of the local burial history of
such sediments should be considered in order to improve the recon-
struction of pore-water and sedimentary records.

Overall, our study contributes to an improved understanding of the
variability of biogeochemical processes and microbial activity in deep
subseafloor sediments over geological timescales. It further demon-
strates that the geochemical patterns (i.e. pore-water profiles and sedi-
mentary record) we observe today are a consequence of long-term
variations in depositional conditions, the organic carbon availability
and temperature conditions.
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The data generated in this study (isotopic composition of dissolved
inorganic carbon (6'3C-DIC)) are archived in the World Data Center
PANGAEA via https://doi.pangaea.de/10.1594/PANGAEA.971450
(Koster et al., 2025). All other data relevant for this study are also
available in the data repository PANGAEA via https://doi.org/10.
1594/PANGAEA.889808 (Pore-water data; Heuer et al., 2018a) and
https://doi.org/10.1594/PANGAEA.889721 (Sediment data; Heuer
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et al., 2018b) or reported in the Expedition Report (https://doi.org/10
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