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Materials and Methods and Supplementary Text 

1. Study site and operations (fig. S1) 
This study aimed to elucidate the influence of temperature on microbial communi-

ties in deep subseafloor sediments, and to determine the limits of microbial life. The par-
ticular challenge of such an endeavor arises from the necessity to potentially demonstrate 
the absence of microbial life. Accordingly, the highest possible levels of analytical sensi-
tivity and contamination control need to be achieved under the demanding conditions of 
kilometer-deep scientific drilling. Expedition 370 of the International Ocean Discovery 
Program (IODP) was designed to meet this challenge (13). Our study site is located at the 
deformation front of the Nankai Trough subduction zone (fig. S1), ~125 km off Cape 
Muroto, Japan, in the vicinity of Sites 808 and 1174 of the Ocean Drilling Program 
(ODP) (36, 11). Due to high heat flow in this region (37), we expected to encounter the 
currently known upper temperature record of microbial life in the laboratory, ~120°C (5), 
at a relatively shallow depth of ~1.2 km below seafloor. From such depth, sediment cores 
can be retrieved by non-riser drilling, i.e. without the continuous circulation of dense 
drilling muds in a riser system, which is needed to advance to depths of several kilome-
ters but associated with considerable contamination risks (3). At the same time, the in-
crease of temperature with depth is still gradual enough to allow the observation of criti-
cal transitions with high depth and temperature resolution. For example, a 10°C change 
across the upper temperature limits of mesophiles (~43°C), thermophiles (~80°C), or 
deep subseafloor life in general can be expected to stretch over a 100 m depth interval in 
the borehole. 

When Site C0023 (Hole C0023A: 32°22.00′N, 134°57.98′E, 4776 m water depth) 
was drilled and cored with DV Chikyu to a total depth of 1180 meters below seafloor 
(mbsf), sediment coring was combined with in-situ temperature measurements down to 
408 mbsf. For greater depths, a precise temperature model was established based on de-
tailed physical property measurements. Operations were concluded with the installation 
of a borehole observatory for long-term temperature measurements down to 860 mbsf. 
No cores were retrieved from <189 mbsf, as the upper portion of the hole needed to be 
stabilized with a 20-inch casing. Cores of typically 3-9 m length were cut by a short ad-
vance modified hydraulic piston coring system (S-HPCS) from 189 mbsf to 408 mbsf, 
and by continuous rotary core barrel (RCB) coring from >410 mbsf to the bottom of the 
hole. Several measures were taken to minimize potential contamination and alteration of 
samples. (I) To avoid intrusion of microbes from drilling fluid during coring, intact parts 
of sediment cores without drilling induced fractures were identified by X-ray computed 
tomography (CT) image scans, sampled in the form of whole round cores (WRC) and 
cleaned immediately after retrieval. (II) To avoid introduction of microbes with airborne 
particles during sample processing in the laboratory, a super-clean working environment 
was established using tabletop air filtration units and static electricity neutralizers 
(ionizers) inside anaerobic chambers and clean benches. (III) To minimize alteration of 
depressurized samples and loss of information during storage, the carefully cleaned, 
anaerobically packed, refrigerated or frozen samples were transported by helicopter 
shuttle to Kochi Core Center (KCC) in Kochi Prefecture, Japan, on an almost daily basis. 
On shore, samples were further processed without delay in a laboratory that meets the 
International Organization for Standardization (ISO) Class 1 clean room standards. 
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Operations at Site C0023 started with IODP Expedition 370 in September 2016 and 
finished with the retrieval of data from the temperature observatory and collection of 
surface sediments during RV Kairei/ROV Kaiko cruise KR18-04 in March 2018. All 
operations, quality control measures, sampling procedures, shipboard analyses, and the 
installation and retrieval of the borehole observatory are described in detail in the 
expedition reports (13, 38).  

2. Geology, physical properties, and thermal history of Site C0023 (fig. S2) 
As part of the Philippine Sea Plate, Site C0023 has been approaching the trench 

from the Shikoku Basin at a rate of around 41-65 mm y-1 for a total of ~16 million years 
(My). During the ~750 km long passage from spreading center to subduction zone, a 
14 m thick layer of volcaniclastics and a 618 m thick layer of hemipelagic mudstone, oc-
casionally interspersed by volcanic ash layers, piled up on the crust with an average sedi-
mentation rate of ~35-53 m My-1 (39). Upon arrival in the trench ~0.4 million years ago 
(Ma), sedimentation rates increased drastically to up to ~1319 m My-1 (39). Since then, a 
494 m thick layer of sand and silt rich mudstone accumulated, partly from debris flows or 
turbidity currents. The resulting succession of lithological units (fig. S2A) is consistent 
with previous findings (11, 36) and comprises axial trench-wedge facies (Subunit IIA, 
189-318.5 mbsf), outer trench-wedge facies (Subunit IIB, 353-428 mbsf), trench-to-basin 
transitional facies (Subunit IIC, 428-494 mbsf), upper Shikoku Basin facies (Unit III, 
494-637.25 mbsf), lower Shikoku Basin facies (Unit IV, 637.25-1112 mbsf), acidic vol-
caniclastics (Unit V, 1112-1125.9 mbsf), and basaltic basement (Unit VI, 1125.9-1177 
mbsf) (cf. Fig. F1 in ref. 40). Both basin and trench deposits contain only little organic 
matter. Total organic carbon (TOC) contents decrease monotonically from 0.5 wt% at 
190 mbsf to 0.02 wt% at the bottom of the hole, and low TOC/N ratios around 5.8 ± 2.1 
point to a predominantly marine source of the organic material (cf. Fig. F51 in ref. 40).  

Site C0023 is located in the protothrust zone of the Nankai Accretionary prism, 
which has formed by the off-scraping of sediment from the descending Philippine Plate 
(41). Situated seaward from the frontal thrust, Site C0023 shows little deformation com-
pared to the landward part of the prism, but detachment surfaces are present and bisect 
the succession of lithological units into three separate domains (fig. S2A), i.e., (I) an up-
per domain that comprises the prism, cut by low angle thrusts, (II) the décollement zone 
at 758-796 mbsf, consisting of relatively thin, characteristically brecciated fault zones 
that are alternating with several meter thick intact zones, and (III) an underthrust domain 
with extensional faulting and no thrust fault zones (40). 

The physical properties of Site C0023 are reflected in the down-hole profiles of po-
rosity, P-wave velocity, and equivalent strength (EST) (fig. S2, ref. 40, 33). All three pa-
rameters show distinct deviations from a smooth compaction curve. (I) Porosities, in-
ferred from moisture and density measurements of discrete sediment and rock samples 
(fig. S2B, cf. Table T6 in ref. 40), generally decrease with increasing depth from 40% to 
50% at 200 mbsf to 32% at 1030 mbsf. However, a distinct reversal of this trend occurs 
across and below the décollement, where porosities increase by 5-7% (760-830 mbsf). In 
contrast, porosities decrease more sharply than expected in mud rocks and volcaniclastics 
at the bottom of the hole (>1030 mbsf). In the underlying basaltic basement rocks, porosi-
ties range from 5.5% to 25%. (II) P-wave velocity stands for the speed at which ultrason-
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ic sound waves pass through a material, and it is related not only to the material’s porosi-
ty but also to its compressibility and shear strength. At Site C0023, P-wave velocities, 
measured on intact sediment cores, reflect the general down-hole decrease of porosity as 
well as its excursion towards higher porosities across the décollement and the sharp de-
crease of porosities in sediments and basaltic rocks at the bottom of the hole (fig. S2C, cf. 
Table T8 in ref. 40). At ~630 mbsf, however, elevated P-wave velocities do not match 
the high porosities of bulk sediment samples (45-50%). This finding points to a stiffening 
of the fine to coarse tuff and tuffaceous muds in this interval, potentially due to diage-
netic mineral alteration reactions (42). (III) EST is a measure for the in-situ strength of 
the geological formation, i.e. its relative triaxial shear strength that can be deduced from 
parameters recorded during the drilling operation, such as weight-on-bit, top drive torque, 
and rotations per minute (33). The down-hole EST profile of Site C0023 (fig. S2D, ref. 
33) shows distinctly elevated mechanical strength for the tuff-rich sediments around 
~630 mbsf, as well as the presence of a mechanically weak zone below the décollement, 
stretching from ~800-1050 mbsf. In this zone, EST decreases by a factor of 5 from 10 to 
2 MPa. While the mechanical weakening is clearly evident in the EST profiles, which has 
been measured under in-situ pressure conditions, there is no corresponding decrease in 
the down-hole P-wave velocity profile, which has been generated on core samples after 
pore pressure had been released during recovery. The deviation between EST and P-wave 
velocity suggests that the mechanical weakness of the upper portion of the underthrust 
domain is related to high in-situ pore pressure. If pore pressure exceeds hydrostatic pres-
sure, the effective pressure on sediments is reduced and consequently their in-situ 
strength decreases. Together, the physical properties of Site C0023 suggest that (a) vol-
caniclastic sediments in the prism domain form a distinct, mechanically strong layer 
~630 mbsf, (b) the upper 250 m of the underthrust domain (~800-1050 mbsf) are under-
compacted and mechanically weak due to the presence of overpressurized fluids, and (c) 
the décollement (758-796 mbsf) forms a barrier that does not allow fluids to flow from 
the underthrust sediments into the prism domain. 

These observations agree well with previous studies, which infer the presence of 
high-fluid pressure below the décollement from seismic imaging (43, 44), suggest the 
possibility that a décollement acts as a barrier inhibiting upward fluid convection, leading 
to high pore pressure and increased structural weakness of subducting sediments (45-47), 
and explain the surplus of water below the décollement with in-situ dehydration of clay 
minerals (48, 49) and/or channelized lateral advective fluid flow from deeper portions 
(50, 51). 

At Site C0023, signs of low-temperature hydrothermal mineralization provide evi-
dence for fluid flow in the underthrust domain (14, 40). Between 775 and 1121 mbsf, hy-
drothermal mineralization assemblages occur in the form of veins and stratabound altera-
tion patches, which are rich in barite and rhodochrosite, pale-yellow in color, and often 
10-15 cm thick (40). Due to their elevated density, hydrothermal minerals are visible in 
X-ray CT images, and consequently their down-hole distribution can be tracked by radio-
density logging, as shown in fig. S2E (cf. ref. 52). For the known hydrostatic pressures 
and modern concentrations of dissolved barium within the underthrust sediments of Site 
C0023, retrograde solubility for barite would occur above 145°C (14). Analyses of fluid 
inclusions in authigenic barite minerals revealed high salinities of around 16-25% NaCl 
equivalent and trapping temperatures ranging from 118-141°C at 822 mbsf to 146-219°C 
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at 1010 mbsf (14). These salinities and homogenization temperatures distinctly exceed 
present-day salinities and temperatures at Site C0023, and point to mixing with deep-
sourced hot and saline fluids (14). The morphology of the authigenic minerals in veins 
and burrows suggest that the ingression of such fluids started before and continued 
throughout the deformation of underthrust sediments (14). Tsang et al. (14) estimate the 
duration of individual hydrothermal fluid flow events by fitting a heat flow model, which 
predicts the spatial and temporal expansion of thermal aureoles along permeable sedi-
mentary fabrics, to the actual size of hydrothermal veins and alteration patches observed 
by visual core description and radiodensity logging (40, 52). They conclude that the in-
gression of hydrothermal fluids has occurred in the form of episodic short-term pulses, 
which have lasted for less than three days and altered sediment temperatures within up to 
30 cm thick aureols around veins or alteration patches (14). Hydrothermal mineral assem-
blages were found down to 1121 mbsf (14, 40). Their absence at greater depths points to 
a lack of hydrothermal influence in the oldest sediments of Site C0023. Instead, hema-
tized sediments and reddening occur in both sediments and basalts at the sediment/basalt 
interface together with low-temperature mineral assemblages such as calcite veins that 
penetrate both crust and sediment (14, 40). The close spatial association is typical for um-
bers, i.e. ferruginous horizons adjacent to oceanic basement that are associated with the 
end of rifting and low-temperature off-axis activity (14). 

The episodic ingression of hydrothermal fluids has no measurable effect with re-
spect to petroleum generation (14). Instead, the current thermal maturity of sedimentary 
organic matter at Site C0023 can solely be explained by conventional burial diagenesis 
(14). Three thermal maturity parameters, which were calculated from hopane and sterane 
biomarkers, indicate a thermal regime in which catagenesis has just begun, but the ther-
mal state of Site C0023 can only be explained if past heat flows were higher than today 
(14). Biomarker and present-day temperature data agree best with a basin modeling sce-
nario, in which heat flow was distinctly elevated 2 Ma, and formations in underthrust sed-
iments began to cool about 0.1 Ma (14). Against the tectonic background of southeast 
Japan, a conceivable scenario for Site C0023 includes high heat flow close to the spread-
ing center until 15 Ma, a subsequent transition through lower off-axis heat flows, and a 
brief increase in past heat flow around 2 Ma due to the far-field effect of increased vol-
canic activity (14). This scenario is consistent with a previous thermal history model for 
adjacent ODP Site 1174 (12). 

Sediment temperature is a function of heat flow, thermal conductivity and depth be-
low seafloor. Consequently, the arrival of Site C0023 in the trench ~0.4 Ma and the asso-
ciated ~30-fold increase in sedimentation rates (39) led to a rapid ~50°C increase of tem-
perature across the entire sediment column. 

3. Modern temperature regime of Site C0023 (fig. S3-S4) 
In order to determine the modern temperature regime of Site C0023, formation tem-

peratures were measured in situ from 189.3 to 407.6 mbsf during drilling (13). Based on 
the deduced heat flow (fig. S3) and thermal conductivities measured on samples, a tem-
perature profile to the bottom of Hole C0023A was synthesized (fig. S4) with the 
assumption of purely vertical conductive and steady-state heat flow (fig. S3). The 
projected downhole temperature reaches ~86°C at the top of the décollement zone and 
119.7 ± 3.4°C at the bottom of the hole (fig. S4). Post-cruise monitoring of temperatures 
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in the borehole observatory confirm the projected temperatures and thus verify our tem-
perature model (38). 

 
3.1 Overview of Method 

We calculated the in-situ temperature profile based on the step-wise integration of 
Fourier’s Law (53),  

 
q=-κ(z) dT(z)

dz
 (1) 

 
which gives, 
  

T(z) = T(zo) − q ∑ � ∆zi
κ(z)i

�N
i=0   (2) 

 
where, 
T(z) = temperature, 
z = depth from the sediment–bottom water interface, 
κ(z) = thermal conductivity, 
∆zi = difference in depth between successive measurements of κ(z) 
T(z0) = temperature at the depth of first measurement, z0, 
q = heat flow, (note that in this coordinate system q < 0) 
∑ � ∆zi

κ(z)i
�N

i=0  = thermal resistance, and 
N = number of thermal conductivity measurements. 

 
Application of equation 2 requires an estimate of the heat flow and a profile of ther-

mal conductivities. Its use also assumes that heat flow is conductive, and is constant with 
depth as well as time. We measured thermal conductivities with high spatial resolution, 
nearly one measurement per core down to the basement (N = 111) (Table T10 in ref. 40). 
The assumption of constant heat flow with depth may not be correct, however. When the 
sediment accumulation rate is high and the column length is long, as potentially is the 
case in the Nankai Trough, conduction may not keep pace with the burial of cold sedi-
ment and heat flow can vary with depth.  

To test the assumption of steady-state heat flow with depth and time at Site C0023, 
we first solve the time-dependent heat flow equation, taking κ, ρ, and Cp as depth inde-
pendent 

 
∂T(z, t)

∂t
=

k
ρCp

∂2T(z, t)
∂z2  

 (3) 
 
where 
ρ = bulk sediment density and 
Cp = bulk sediment specific heat.  
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The solution of equation 3 for a sediment column whose length continuously in-
creases due to sediment accumulation and with constant basement heat flow is, 

 

T(z) = T(zo) +
α1

2� L1
2� π1

2� �dT
dz�

measured
eη′2

s1
2� �erf(η) − erf(ηL)� (4) 

 
where we used the Buckingham π theorem (54) to define the non-dimensional varia-

ble, η, 
 

η =  (L−z)s1
2�

2α1
2� L1

2�  (5) 
 
with 
α = thermal diffusivity, κ/(ρCp), 
s = linear sediment accumulation rate, 
L = sediment column length, and  
η’ = value of η at the depth the temperature gradient is measured 
ηL = value of η at depth z = L, the sediment-basement interface.  
 

We then compare the solution of equation 1 (constant heat flux and assuming con-
stant κ) to the time dependent solution, equation 4, to determine the temperature error 
offset, ∆T(z=L)=T(z=L)steady-state - T(z=L)time-dependent, that results from assuming 
steady-state heat flow. At the bottom of the sediment column, the temperature offset, 
∆T(z=L), of these two solutions is approximately given by:  

 

ΔT(z = L) ≈
−�dT

dz�
measure𝑑𝑑

eη′2
L2s

12α
 (6) 

 
To get this estimate we expanded equation 4 as a Taylor series, keeping the first two 

terms, and then subtracted the steady-state solution, equation 3. 
 
At Site C0023, the magnitude of ∆T(z=L) is -1.0°C based on the following typical 

values, 
 
(dT/dz)measured = 0.1 (°C m-1), 
L-z for depth of temperature gradient measurement = 950 (mbsf), 
L = 1176 (m),  
s = 3.8 10-11 (m s-1), 
ρ = 2.0 103 (kg m-3) and 
Cp = 1.4 103 (J kg-1 °C-1).  
 

This is an upper limit of the offset as the sediment accumulation rate was more than 
an order of magnitude lower than assumed here during the accumulation of about half of 
the sediment column. This offset is within the error of measurement uncertainty (3.4°C, 
see below), justifying the conductive steady-state assumption.  
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3.2 Measurements at Site C0023 
Details of the methods for measuring temperature and thermal conductivity are giv-

en in refs. 13 and 55. Briefly, temperature was measured in-situ using a short advance 
modified hydraulic piston coring system (S-HPCS) equipped with an advanced piston 
corer temperature tool (APCT-3) until the S-HPCS could no longer penetrate properly 
into the formation (13). The APCT-3 consists of a thermistor that is hydraulically stroked 
up to 4.5 m into the sediment, well beyond the thermal influence of drilling operations. 
After penetration, it takes ~10 min for the sensor to equilibrate to the in-situ temperature 
of the formation. Measured temperatures were extrapolated from the APCT-3 measure-
ments, using the program TP-Fit (55). The uncertainty of individual measurements is esti-
mated to be 0.1-0.2°C (e.g., ref. 56). 

Thermal conductivity was measured on sediment and rock samples using either the 
full-space needle probe or the half-space line source depending on sediment strength; the 
methods are described in detail in the expedition report (13). Values of thermal conduc-
tivity are based on the observed rise in temperature for a given quantity of heat. The full-
space needle and the half-space line probes were calibrated at least once every 24 h. The 
calibration was performed on Macor samples of known thermal conductivity (1.611 ± 2% 
W m-1 K-1 and 1.652 ± 2% W m-1 K-1 for the full- and half-space probes, respectively). 
We base the uncertainty of the entire method, ~2%, on the variance of the measured data 
from a smooth fit.  

Eight formation temperatures were measured in-situ between 189.3 to 407.6 mbsf 
(Table T11 in ref. 40). Based on quality assessment of coring and time series temperature 
data while measuring, we used four temperature data among the eight to determine the 
thermal gradient and heat flow. Temperatures increased linearly as a function of thermal 
resistance, between 204.1 and 355.2 mbsf (fig. S3). In the temperature calcu-

lations, the value of κ(z)i is taken as the average of the two values measured at adjacent 
depths. The calculated heat flow, based on a linear least square of temperature vs. thermal 
resistance, is -0.140 W m-2 with a 90% confidence of ± 0.005 W m-2. The uncertainty in 
the heat flow is consistent with the expected uncertainties in individual temperature 
measurements of ~0.1 to 0.2°C. 

Estimated temperatures are shown in fig. S4. The estimated temperature at the bot-
tom of Hole C0023A (1176.6 mbsf) is 119.7 ± 3.4°C (90% confidence limit). The confi-
dence limit is based on propagating the errors associated with the heat flow and thermal 
resistance. The uncertainty in the calculated temperature is dominated by the uncertainty 
in the heat flow (> 90% of the uncertainty). Uncertainty in thermal conductivity is minor 
due to the large number of measurements. 

4. Cell concentrations (Fig. 1A) 
Enumeration of microbial cells in subseafloor environments that are situated close to 

the limits of habitability requires the highest possible levels of analytical sensitivity and 
contamination control (57). In order to improve the detection limit of cell enumeration, 
microbial cells were detached from the sediment matrix by ultrasonication, subsequently 
recovered by density gradient centrifugation and concentrated on polycarbonate mem-
brane filters, before they were treated with the nucleic acid stain SYBR Green I, and 
manually counted under the microscope. For maximal contamination control, we imple-
mented rigorous quality assurance (QA) and quality control (QC) measures for all steps 
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involved in core recovery, core processing, and sample analysis. Numerous cell counts in 
the range of the procedural blank (fig. S6) and negligible drilling disturbance (fig. S7) 
testify to the effectiveness of contamination control during sample handling. Detailed in-
formation on analytical methods and QA/QC procedures and results are given in the ex-
pedition report (13).  

 
4.1 Cell enumeration 

Sediment samples for cell enumeration were taken from the very center of selected, 
quality controlled WRCs under anoxic and sterile conditions, using sterilized spatulas or 
cut-off syringes in unconsolidated sediments and a table-top mini-drill in consolidated 
sediments. In consolidated sediments, the sterilized drill bit of the mini-drill was ex-
changed after each sample. Soft sediments were immediately submerged in fixation solu-
tion. Consolidated sediments were kept under anoxic conditions until they were crushed 
by ceramic pestle and mortar and immersed in fixation solution. Approximately 10 cm3 
of powdered sediment were thoroughly mixed with fixation solution consisting of 20 mL 
of 3% (w/v) sodium chloride and 10% (v/v) neutralized formalin (containing 3.8% form-
aldehyde). If necessary, the mixture was stored at 4°C.  

Fixed cells were separated from the slurry via ultrasonication and density gradient 
centrifugation (58). For cell detachment, a 1 mL aliquot of the formalin-fixed sediment 
slurry was amended with 1.4 mL of 2.5% NaCl, 300 μL of pure methanol, and 300 μL of 
detergent mix (ref. 59, 100 mM ethylenediamine tetraacetic acid [EDTA], 100 mM sodi-
um pyrophosphate, 1% [v/v] Tween-80). The mixture was thoroughly shaken for 60 min 
(Shake Master, Bio Medical Science, Japan), and subsequently sonicated at 160 W for 
30 s for 10 cycles (Bioruptor UCD-250HSA; Cosmo Bio, Japan). The detached cells 
were recovered by centrifugation based on the density difference of microbial cells and 
sediment particles, which allows collection of microbial cells in a low-density layer. To 
this end, the sample was transferred onto a set of four density layers composed of 30% 
Nycodenz (1.15 g cm-3), 50% Nycodenz (1.25 g cm-3), 80% Nycodenz (1.42 g cm-3), and 
67% sodium polytungstate (2.08 g cm-3). Cells and sediment particles were separated by 
centrifugation at 10,000 × g for 1 h at 25°C. The light density layer was collected using a 
20G needle syringe. The heavy fraction, including precipitated sediment particles, was 
resuspended with 5 mL of 2.5% NaCl, and centrifuged at 5000 × g for 15 min at 25°C. 
The supernatant was combined with the previously recovered light density fraction. With 
the remaining sediment pellet, the density separation was repeated. The sediment was re-
suspended using 2.1 mL of 2.5% NaCl, 300 μL of methanol, and 300 μL of detergent mix 
and shaken at 500 rpm for 60 min at 25°C, before the slurry sample was transferred into a 
fresh centrifugation tube where it was layered onto another density gradient and separated 
by centrifugation just as before. The light density layer was collected using a 20G needle 
syringe, and combined with the previously collected light density fraction and superna-
tant to form a single suspension for cell counting.  

For cell enumeration, a 50%-aliquot of the collected cell suspension was passed 
through a 0.22-μm polycarbonate membrane filter. Cells on the membrane filter were 
treated with SYBR Green I nucleic acid staining solution (1/40 of the stock concentration 
of SYBR Green I diluted in Tris-EDTA [TE] buffer). The number of SYBR Green I-
stained cells were enumerated by direct microscopic count (4, 60). At least 900 fields of 
view were analyzed for each whole membrane filter. 
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The cell staining with DNA-staining dye, including SYBR Green I, critically relies 
on the penetration of dye into the cells. For normal “cells”, including subseafloor mi-
crobes, the staining has worked reliably and contributed to the exploration of the deep 
subseafloor biosphere (3). However, we found that the situation is different in endospores 
as they do not allow DNA-dyes to penetrate inside and are resistant to DNA-staining. The 
example in fig. S5 shows the staining of vegetative cells (fig. S5a) and endospores (fig. 
S5b) of Bacillus subtilis NBRC13719. Although the stainability was 100% in vegetative 
cells, 98.8% (N = 4707) spores appeared in orange color in fluorescence observation, 
which indicated the adsorption and overaccumulation of SYBR Green I on the surface of 
endospores (60). The adsorption is seen in enlarged images of the orange-stained endo-
spores, in which the center of the endospore remained black (i.e. unstained), while the 
center of the green-stained endospore was well-stained. In addition, the staining and ob-
servation of endospores mixed with sterilized sediment demonstrated the extreme diffi-
culty in identifying spores even for the cultivated species (fig. S5c). These results are 
consistent with the previous findings according to which endospore abundance assessed 
by the chemical quantification of dipicolinic acid exceeded the abundance of cells de-
tected by DNA-staining-based direct counts in subseafloor sediments (17, 61). Moreover, 
the stainability of endospores inhabiting the subseafloor environment is expected to be 
substantially lower than that of cultivated spores of B. subtilis (1.2%). Therefore, we 
operationally call the SYBR-stainable cells as “vegetative cells” in this study.  

 
4.2 Quality assurance and quality control (QA/QC) 

QA/QC measures were designed to account for three major sources of contamina-
tion during sample recovery and processing, namely introduction of microbial cells from 
drilling fluid, from airborne particles, and from reagents and tools used during sample 
processing.  

Intrusion of seawater and drilling mud during core cutting and recovery - To mini-
mize the risk of drilling-induced contamination, samples for microbiological investiga-
tions were taken as intact WRCs from the pristine, undisturbed parts of the recovered 
cores. Generally, the upper section of a core was not sampled to avoid cross contamina-
tion from loose borehole materials accumulating on the bottom of the hole. Undisturbed 
core intervals were identified based on visual inspection and X-ray CT imaging, which 
reveals the structural integrity of sediment cores on a sub-millimeter scale. All surfaces of 
WRCs, which had potentially been in contact with drilling fluid, were removed immedi-
ately after core retrieval onboard DV Chikyu to prevent diffusion of potential contami-
nants from seawater and drilling fluid into the inner part of the core during storage and 
transport. WRCs were opened in an anaerobic chamber, where core liners were removed 
and all sediment surfaces were scraped off with sterile ceramic knives, before the remain-
ing sediment cores were placed into ESCAL bags and temporarily sealed shut. The bags 
were removed from the anaerobic chamber, immediately flushed with nitrogen gas to re-
move H2 gas, vacuum-sealed, and stored at +4°C. Afterwards, samples were transferred 
to shore by helicopter in order to enable prompt processing under clean-room conditions 
at KCC (see below). On shore, the scraping of WRC surfaces was repeated to further re-
duce the contamination risk, and samples for cell enumeration (~10 cm3) were taken from 
the very center of the WRCs.  

10



X-ray CT-imaging not only allows one to identify and to avoid core intervals with 
fractures prone to contamination, it also enables quantification of core integrity and thus 
contamination risk for each selected sample (52). Using automated image and data pro-
cessing routines, pristine, high-quality areas can be distinguished from damaged areas 
based on the characteristic values and distribution patterns of radiodensity in each 
0.625 mm thick slice image recorded as a DICOM file during X-ray CT scanning. The 
resulting slice quality (SQ) is a quantitative measure for the relative abundance of drilling 
induced fractures in a given slice, with a SQ of 100% indicating the highest possible 
quality of a slice without any fractures. SQ has been shown to be an effective quality con-
trol measure, and automatic identification and removal of slices below a given SQ thresh-
old generates quality-controlled downhole radiodensity profiles closely reflecting geo-
logical features (52). A detailed description and evaluation of this new method and its 
application during Expedition 370 are given in ref. 52.  

During Expedition 370, we determined SQ for all 0.625 mm thick CT slices of the 
typically ~5-40 cm long WRC samples selected for cell enumeration, and used the result-
ing mean slice quality of all CT slices (mean SQ) as a measure for the core quality of an 
individual cell count sample. This quantitative evaluation shows that careful, X-ray CT 
guided sample selection achieved the highest possible core quality, i.e. a mean SQ of 
100%, in 46% of all WRCs taken for cell enumeration. The prevalence of excellent core 
quality in all cell count samples is evident in a typical mean SQ of 99% (median of 152 
samples, fig. S6A).  

In addition, established routines for contamination testing were applied to monitor 
the potential intrusion of drilling fluid into the cores through the use of a chemical tracer 
(13). In the main pump room of DV Chikyu, the perfluorocarbon (PFC) tracer perfluoro-
methylcyclohexane was added to the down-going drilling fluid. After its proper delivery 
was verified by analysis of drilling fluid captured inside the core liners, the intrusion of 
PFC into the core was monitored in ~2 cm3 sediment samples taken from the exterior, 
midway, and interior portions of WRCs (Table T27 in ref. 40). During operations, pump-
ing rates and mixing ratios of drilling mud varied in response to borehole conditions. 
Consequently, the exact concentration of PFC in the down-going drilling fluid remains 
unknown. In order to assess the potential drilling induced contamination without this in-
formation, we determined PFC recovery. PFC recovery normalizes the PFC concentration 
measured in the center part of an individual core to the average PFC concentration in the 
outer parts of all cores (0.22 ± 0.81 µg cm-3, N = 74), which had been in direct contact 
with drilling fluid. A PFC recovery of 0% in the core center represents the lowest risk of 
drilling induced contamination. During Expedition 370, PFC recovery was <1% in the 
majority of samples taken from the interior portions of WRCs, and the lack of relation be-
tween PFC recovery and vegetative cell abundance suggest that drilling induced contami-
nation is negligible in the high-quality intervals of the sediment cores, which were select-
ed for microbiological samples (fig. S6B). 

Contamination of sediment samples from airborne particles during laboratory work 
– In order to avoid introduction of airborne particles, all sample processing was conduct-
ed under clean-room conditions. Cleaning and subsampling of WRCs, both onboard DV 
Chikyu and at KCC, were conducted inside anaerobic chambers (95:5 [v/v] N2:H2 atmos-
phere; COY Laboratory Products, USA) equipped with a KOACH T 500-F tabletop air 
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filtration unit (Koken, Ltd. Japan) and a Winstat air ionizer BF-X2MB (Shinshido Elec-
trostatic Ltd., Japan). The air filtration unit circulates the limited volume of gas inside the 
anaerobic chamber quickly, and effectively removes dust particles generated during sam-
ple processing. In this manner, clean air conditions are established that are comparable to 
the air quality in ISO Class 1 clean environments. The ionizer neutralizes surface charge 
and reduces static attraction of potentially contaminating airborne particles. Subsampling 
yielded a compact subcore (2 cm diameter) that was aseptically drilled out of the center 
of the WRCs. All further processing steps, including crushing of samples into powder, 
cell separation and filtration, were conducted in a super-clean room at KCC. The super-
clean room is equipped with a Floor KOACH Ez that produces horizontal ISO Class 1 
quality of laminar airflow from the end wall of the clean space (62). All of the clean ex-
periments were conducted upstream, in front of the KOACH clean units, and electronic 
equipment (centrifuges, refrigerator, and sonicator) was placed downstream of the clean 
space. To neutralize the static electricity of the samples, plastic equipment, and gloves 
(hands), a bar-type sheath-sensing ionizer (SJ-H180, Keyence, Japan) was placed approx-
imately 40 cm above the working area of the stainless steel laboratory bench, and the 
static elimination capacity was routinely checked with high-precision electrostatic sen-
sors (SK-H055 and SK-J050, Keyence, Japan) (13).  

The presence of airborne particles in the laboratory air of DV Chikyu, in the anaero-
bic chambers, and in the super-clean room at KCC was monitored throughout the expedi-
tion (13). In the shipboard and shore-based workspaces, the concentration of airborne 
particles was recorded with a Met One HHPC 3+ airborne particle counter (Met One In-
struments, Inc.; Grants Pass, Oregon, USA) and with a Biotest particle counter (9303-
01BT), respectively. Particle concentrations were determined for three particle size clas-
ses (>0.3, >0.5, >1 μm). In the shipboard and shore-based anaerobic chambers, particle 
counts were reduced by up to five orders of magnitude compared to the surrounding la-
boratory air, and airborne particle concentrations in the vicinity of the work area of the 
super-clean room at KCC were consistently below the detection limit of the particle 
counter (<1 particle ft-3) (13).  

To quantify the concentration of airborne microbial cells that may potentially con-
taminate cores during shipboard core handling, cells in 1 L of air were counted from the 
various workspaces. To this end, 1 L of air was drawn through a 0.22-μm polycarbonate 
membrane in a syringe filter housing (Swinnex Filter Holder, 25 mm, Merck Millipore). 
Cells on the filter were preserved with formaldehyde fixation solution, treated with 
SYBR Green I nucleic acid staining solution, and enumerated as described above. Visual 
inspection of the membranes under the microscope revealed submicrometer-scale particle 
densities consistent with particle counts in all core processing workspaces. However, in 
the anaerobic chambers and in the super-clean room at KCC, none of these particles were 
cells. Overall, our QA/QC measures reduced airborne particle contamination to negligible 
levels.  

Introduction of microbial cells and chemical compounds from equipment and chemi-
cals used during sample processing - During the cutting of cores and processing of sam-
ples, sediment came only in contact with precleaned (with 18 MΩ water) and sterilized 
tools, such as autoclaved spatulas and ceramic knives, or precombusted (500°C for 5 h) 
ceramic pestles and mortars. Tools were replaced whenever potential contamination by 
contact with a nonsterile surface was suspected. WRCs were packed with end caps that 
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had been cleaned with ethanol, dried in a clean bench, and irradiated with UV light for at 
least 20 min prior to use. Interior surfaces of the anaerobic chamber were routinely de-
contaminated by wiping with RNase AWAY (Thermo Fisher Scientific). In addition, the 
working surface was covered with a fresh sheet of precombusted aluminum foil (500°C 
for 5 h) each time a new WRC was processed. The N2 gas used to store samples under 
anoxic, H2-free conditions was filtered with a 0.22-μm filter to remove potential contami-
nation.  

In order to quantify the remaining contamination risk from reagents, tools and air-
borne particles, 20 negative controls were included into the sample preparation line at 
KCC. Negative control membranes were prepared by passing saline solution through all 
cell separation and membrane preparation protocols. On eight out of the 20 negative con-
trol membranes, no cells were found in 900 fields of view. The other 12 controls con-
tained up to 3 cells in 900 fields of view. Considering the ratio of reagents used per sedi-
ment sample, the analytical blank of cell enumeration was 4.2 ± 4.0 cells cm-3 (N = 20). 
Based on this analytical contamination risk, the abundance of microbial cells in sediment 
samples can be reliably determined above a minimum quantification limit (MQL) of 
16 cells cm-3 of sediment (95% confidence level).  

 
4.3 Remaining contamination risks during Expedition 370 (figs. S6, S7) 

Cell concentrations fall below the MQL in 70% of all 138 samples recovered from 
>350 m depth. The numerous cell counts in the range of the procedural blank testify to 
the effectiveness of contamination control during sample handling. Most strikingly, cell 
concentrations average 6.0 ± 3.1 cells cm-3 in 32 consecutively taken samples from the 
zone between 829 and 1020 mbsf (fig. S6). These samples reflect 21 events for the cut-
ting and retrieval of sediment cores from Hole C0023A by rotary core barrel (RCB) cor-
ing, and 32 events for the selection, cutting, and processing of WRCs in the shipboard la-
boratories. In all these samples, cell concentrations do not differ significantly from the 
procedural blank of 4.2 ± 4.0 cells cm-3 (N = 20). This observation again suggests that the 
implemented QA/QC measures reduced the introduction of microbial cells via drilling 
fluid and shipboard handling to a negligible level. 

Against this background, elevated cell counts in 30% of the samples recovered from 
>350 m depth call for a rigorous examination of the remaining contamination risks, such 
as intrusion of drilling fluids into sediment cores along natural and drilling-induced frac-
tures. Quantification of core integrity by X-ray CT-imaging does not only confirm the ex-
cellent quality of all cell count samples (see above), it also allows for a quantitative com-
parison of core quality and cell concentrations in all WRCs taken from Hole C0023A. 
Fig. S7A suggests that cell abundances are not related to the amount of fractures in the 
sampled core intervals. While ≤16 cells cm-3 were counted in eight samples taken from 
WRCs with a mean SQ of only 74-90%, 11 out of 34 samples with the highest possible 
core quality, characterized by a mean SQ of 100%, yielded vegetative cell counts above 
the MQL. Cell abundances are not correlated with core quality (Spearman correlation 
ρ = -0.0095, p (2-tailed) = 0.929). Consequently, elevated cell counts cannot be attributed 
to drilling induced contamination along fractures. This conclusion is further supported by 
the lacking relationship between vegetative cell abundance and PFC recovery, which rep-
resents the potential contamination of sediment cores by drilling fluid via advection and 
diffusion (fig. S7B).  
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4.4 Contamination risks associated with DNA-based community analysis 
Consistent with the extremely low concentrations of vegetative cells and the diffi-

culty of extracting DNA from endospores (17), DNA yields were insufficient for produc-
ing reliable DNA-based community data for samples buried more deeply than 320 mbsf. 
In samples shallower than 320 mbsf, the community resembled those found in shallow 
subsurface sediments. The results are reported in Fig. F62 and Table T30 of ref. 40.  

For microbial community analysis, we sequenced 109 samples and conducted a pre-
liminary analysis on a phylum level classification of the 16S rRNA gene sequences (40). 
In-depth analysis of sequence data and intensive examination of control samples, includ-
ing negative controls for both DNA extraction and PCR amplification, were performed 
post-expedition and are thus not reported in ref. 40. Post-expedition work revealed that 
for samples deeper than 320 mbsf, DNA concentrations were too low for reliable DNA-
based community analysis. This is because sediment samples yielded DNA equivalent to 
less than 10 cells for each PCR analysis, while a larger amount of contaminant DNA was 
inevitably introduced each time with the reagents used for DNA extraction and amplifica-
tion. Consequently, sequences from unavoidable contamination from the reagents ac-
count for the majority of the detected sequence reads in samples with very low cell con-
centrations (Fig. F62 and Table T30 of ref. 40). Our experimental trials show that it is 
currently technically and theoretically not feasible to obtain reliable DNA-based commu-
nity data from the deep samples with low vegetative cell concentrations. Importantly, this 
contamination problem is not related to drilling disturbance and sampling, and it does not 
affect the cell count data shown in Fig. 1. 

5. Endospores 
Endospores are a dormant form of some members of the bacterial order Firmicutes. 

Endospores may survive under harsh conditions over geological timescales. Endospores 
contain the bacterial DNA, ribosomes and large amounts of dipicolinic acid (DPA). In 
contrast to vegetative cells, endospores cannot be visualized with DNA-staining dyes 
such as SYBR Green I (fig. S5), and thus escape microscopic cell counting methods. We 
therefore used the biomarker DPA to determine the abundance of endospores in the sedi-
ments of Site C0023. To facilitate a quantitative comparison of endospores and vegeta-
tive cells, DPA concentrations were converted into endospore numbers per cm3 of wet 
sediment (Fig. 1). Average concentrations of endospores and vegetative cells were inte-
grated over four depth intervals (table S1), and the relationship between concentrations of 
endospores and vegetative cells was examined in a temporal framework considering the 
geothermal history of Site C0023 with the help of a mathematical model.  

 
5.1. Determination of sedimentary dipicolinic acid (DPA) and endospore concentration 
(Fig. 1B) 

Sampling for DPA analysis and cell counting were closely coordinated and guided 
by X-ray CT imaging and visual core inspection as described above. In total, 78 WRCs 
were collected for DPA analysis from Site C0023. The cored sediment remained inside 
the core liners after cutting, and each WRC was packed in a sterile plastic bag and addi-
tionally secured in an aluminum bag. Both bags were immediately flushed with N2 and 
vacuum-sealed, before the sediment cores were frozen with a Cells Alive System freezer 
(CAS, ref. 63) and stored at -20°C until further treatment. 
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For post-cruise DPA analysis, a ~4-5 cm thick disk of sediment was cut from each 
frozen WRC, and the outer 5-mm layer was removed by scraping, using a flame sterilized 
chisel. Samples were freeze dried and stored at -20°C. For extraction, a 15-mL polypro-
pylene tube was filled with ~1 g of freeze-dried, homogenized sediment. 4 mL of Tris 
buffer (0.2 M; pH = 7.6) was added, because it maximizes the extraction yield in clayey 
sediments. After vortexing, samples were autoclaved for 20 min at 121°C to extract DPA. 
After cooling down, 80 µL of 2 mM AlCl3 solution was added to precipitate phosphates, 
which might otherwise quench the fluorescence signal. Tubes were centrifuged for 
10 min at 3000 rpm, then supernatants were collected, filtered through 0.2-µm cellulose-
acetate filters (Chromafil CA-20/15 MS) and stored at -20°C until analysis. Each WRC 
was extracted in duplicate, and one replicate was spiked with 200 nM DPA as an internal 
standard to allow for quantification. WRCs were processed in random order. Each batch 
for extraction included eight WRC samples, and two procedural blanks.  

For analysis, 600 µL of each sample extract were evaporated to dryness at 50°C un-
der a N2 stream and afterwards dissolved in 120 µL of a 500 mM NaHSO4 solution 
(pH = 1.2). Detection of DPA closely followed the method described by Fichtel et al. (64, 
65) using reverse phase high performance liquid chromatography (HPLC) with 
fluorescence detection. We employed a Phenomenex Gemini 3-μm C18 column (150 x 2 
mm) and a Thermo FLD-3400 RS detector. 100 µL of each sample were injected to a 
mobile phase consisting of 50 mM NaHSO4 (pH = 1.2) and acetonitrile (97:3) delivered 
at a flow rate of 0.5 mL min-1. After 10 min, a 3-min gradient to 65:35 was applied, 
followed by stable conditions for 1 min, and a reset to initial conditions within 0.5 min. 
The system was re-equilibrated for 4 min before the next injection. Fluorescence 
detection of DPA was achieved by supplying TbCl3 (50 µM) post-column via a 
secondary pump at a flow rate of 0.1 mL min-1 (for further details see ref. 65). DPA was 
identified based on its characteristic fluorescence (emission at 543 nm after excitation at 
271 nm) and retention time. 

Quantification of DPA was achieved by comparing the integrated peak area of DPA 
in the unspiked sample to the difference of peak areas between the spiked and unspiked 
sample, which corresponds to a concentration of 200 nM DPA. DPA abundances were 
normalized to sediment mass and transferred to endospore concentrations using the em-
pirically determined conversion factor of 2.24 x 10-16 mol DPA per endospore (66). Each 
plotted data point represents the mean of duplicate samples. Standard deviations average 
around 18% of the reported mean value.  

Sediment dry weight (dw) endospore concentrations were converted to volumetric 
concentrations by multiplying endospores g-1 dw with a grain density of 2.7 g cm-3 (range 
of 2.68 g cm-3 at 250 mbsf to 2.79 g cm-3 at 1100 mbsf, cf. Fig. 39B in ref. 40) and then 
multiplied by (1-porosity) of the sample closest in depth to the endospore sample (MAD 
data, cf. Tables T6 and T7 in ref. 40). 

The detection limit was 2.2 x 104 endospores cm-3. It was defined as the DPA con-
centration measured in representative sediment samples with a signal-to-noise ratio of 3. 
The corresponding peak area equaled a DPA concentration of 3.1 x 10-3 nmol DPA g-1 
dry weight and was converted to endospores g-1 dry weight and endospores cm-3 wet sedi-
ment as described for the samples. For the determination of the detection limit, transfor-
mation to wet volume was based on a porosity value of 0.58 from the middle of Hole 
C0023A (604.8 mbsf).  
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5.2 Ratio of endospores relative to vegetative cells (table S1) 
In order to determine ratios of endospores to vegetative cells for selected depth in-

tervals of interest, average concentrations of endospores and vegetative cells for these in-
tervals needed to be determined. Average concentration values representative of defined 
depth intervals (cf. table S1) for both variables were determined by the sum of all inte-
grals between available measurement depths, divided by the length of the depth interval 
of interest. The upper interval boundary was either 250 mbsf or 350 mbsf, i.e., the ap-
proximate depth of the uppermost subsurface sample analyzed for endospores and the ap-
proximate depth after the major decline of vegetative cell concentrations (cf. Fig. 1). The 
lower interval boundary was either 1177 mbsf (sediment/basement boundary; endospore 
data were extrapolated below 1121 mbsf) or 1121 mbsf (lowest endospore sample). In 
cases in which no cells or no endospores were detected, we used the analytical blank 
value of 4.2 ± 4.0 cells cm-3 for vegetative cells and the detection limit of 2.2 x 104 cm-3 
for endospores. As this relatively high detection limit for endospores could introduce 
some artificially high endospore to cell ratios, we also computed an alternative value by 
setting concentrations in samples with no detection to 4 endospores cm-3, equal to the an-
alytical blank of the vegetative cell data. As shown in table S1, differences between both 
approaches are minor.  

 
5.3 Assessing the significance of the two major endospore peaks in relation to low con-
centrations of vegetative cells (fig. S8) 

The two major endospore peaks centered around ~400 and ~650 mbsf are prominent 
features and raise the question of how they developed in the geological context of Site 
C0023. Moreover, the orders of magnitude lower concentrations of vegetative cells rela-
tive to endospores and the fact that endospore-forming Firmicutes commonly account for 
only a relatively small fraction of the microbial population (67-71), call for explanatory 
scenarios in which the vegetative microbial population has been larger and/or more active 
in the recent past, at least intermittently. While the elucidation of the exact mechanism 
leading to the observed predominance of endospores in deeply buried sediments at Site 
C0023 goes beyond the scope of this study, the observation of the two major endospore 
peaks nevertheless calls for an examination of their plausibility and significance.  

We rule out that the molecular endospore biomarker DPA accumulated throughout 
the depositional history, based on its propensity as 2-carboxylated pyridine to decarbox-
ylate upon moderate short-term heating (19). Moreover, it is striking that the position of 
the two peaks coincide with the upper growth temperatures of mesophiles and thermo-
philes, suggesting a biological rather than geochemical cause. We therefore constructed a 
simple quantitative model that explores the accumulation of the observed quantities of 
endospores at Site C0023. For both endospore peaks, we consider as major mechanism 
triggering sporulation the relatively rapid heating of the sediment column initiated 
~0.4 Ma by the drastic increase of sediment accumulation rate (39).  

For the shallower peak the increase of sediment temperatures to the upper growth 
temperature of mesophilic Firmicutes provides a conceivable trigger of sporulation. Such 
a scenario is consistent with the concomitant decrease of vegetative cells in the same sed-
iment horizon (cf. Fig. 1). For the second, larger peak, scenarios starting from current 
concentration levels of vegetative cells, of which only 1-10% may be endospore-forming 
Firmicutes (cf. 67-69) or even less (70, 71), appear implausible unless we invoke past 
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events leading to exponential growth and rapid increase of the population of vegetative 
cells, followed by sporulation and decay of this population. While we cannot categorical-
ly rule out such a possibility, it seems inconsistent with the general characteristic of ener-
gy starvation encountered by deeply buried microbial communities as well as the geologi-
cal setting of the horizon, in which no obvious triggers of rapid exponential growth are 
apparent.  

Due to the absence of reasonable triggers of exponential growth linked to the stratig-
raphy, we therefore consider a mechanism based on the assumption that a background 
population of thermophilic endospores (16), too low in size to be detected by our DPA-
based biomarker approach, is present in deeply buried sediments. The feasibility of a cor-
responding mechanism explaining the quantitative relationship between endospores and 
vegetative cells at Site C0023 is explored in figure S8; the underlying model assumes that 
the above-mentioned background population of endospores germinates upon the onset of 
accelerated geothermal heating of the sediments to form vegetative cells. The widespread 
presence of thermophilic endospores has been suggested based on the observation that in 
Arctic sediments, thermophilic sulfate-reducing bacterial communities can be activated 
upon heating of the sediments to the growth temperature range of thermophiles (16). Per-
sistence of thermophilic endospores on million-year timescales is also plausible, accord-
ing to laboratory experiments (72) and provided that temperatures are not excessively 
high. We consider that temperatures of 50-75°C represent the ideal growth range for ther-
mophilic, anaerobic endospore formers, and thus explore the development of the popula-
tions of vegetative cells and endospores upon heating of the sediment to 50°C (fig. S8). 
This temperature may have been reached about 0.32 Ma in the sediment interval of 633-
827 mbsf, representing the more deeply buried endospore peak.  

Our model assumes the presence of a background population of 1,000 thermophilic 
endospores cm-3 (red dashed line; this value is lower than estimated background popula-
tions in young Arctic surface sediments (16) and was arbitrarily chosen to be lower than 
our detection limit) and initial germination of vegetative Firmicutes from these endo-
spores at 0.32 Ma, when temperatures reached 50°C; subsequent growth of the Firmicu-
tes populations lasted for 0.2 My until sediment temperatures in this horizon had reached 
75°C.  

Accordingly, we can estimate the concentration of vegetative cells (Cn) and the cor-
responding concentration of endospores for the nth generation (Sn) with equations 7 and 
8, respectively. From initial germination of the background population of endospores 
after reaching 50°C, we assume C0 of 103 cm-3 and S0 of 0 cm-3. We illustrate two scenar-
ios A and B (fig. S8) distinguished by their sporulation rate (RS). In scenario A, we as-
sume that in each generation, 49% of the cells sporulate and 51% double by cell division 
(RS = 0.49). This corresponds to a 2% increase in population size per generation. Scenar-
io B uses an RS value of 0.5, resulting in a constant size of the vegetative cell population 
and more rapid initial growth of the endospore population. These sporulation rates were 
chosen to keep concentrations of vegetative cells as low as possible throughout the exam-
ined time interval, in accordance with the generally low current concentrations of vegeta-
tive cells. For example, a RS value of 0.45 results in a roughly one order of magnitude 
larger population of vegetative cells after 0.2 My (not depicted).  

 
𝐶𝐶𝑛𝑛 = 0.51 × 𝐶𝐶𝑛𝑛−1 × 2 (7) 
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𝑆𝑆𝑛𝑛 = 𝑆𝑆𝑛𝑛−1 + 0.49 × 𝐶𝐶𝑛𝑛−1 × 2 (8) 
 
𝑇𝑇𝑑𝑑 = 2×105

𝑛𝑛
 (9) 

 
Growth was halted at 75°C, as this is the upper growth limit for most thermophilic 

Firmicutes (73), and likewise coincides with the in-situ temperature of the major endo-
spore peak (Fig. 1). This model does not account for the decay of vegetative cells; incor-
poration of cell decay into the model would consequently increase the number of required 
generations and lower the generation time. In line with the DPA derived endospore data 
(Fig. 1), we assume endospore concentrations above 75°C to remain roughly constant un-
til they rapidly decline at temperatures above 90°C. 

With scenario A and B, 155 and 1,000 generations, respectively, were required to 
arrive at a final concentration of >1x106 endospores within 0.2 My, corresponding to 
doubling times Td of 1,290 years and 201 years, respectively (equation 9); the corre-
sponding population sizes of vegetative Firmicutes are 2 x 104 cells cm-3 and 

103 cells cm-3, respectively. Reduction of the starting population results in plausible val-
ues of the final vegetative Firmicute population (2x104 cells cm-3 and lower) but requires 
lower doubling times (data not shown). The selection of RS values <0.5 will result in final 
concentrations of vegetative cells higher than the <103 cells cm-3 observed in the modern-
day 50 to 75°C warm interval; the reasons include the selection of our model parameters, 
varying concentrations of background endospore input through the sedimentation history, 
and different sedimentary conditions between the 400-650 mbsf interval corresponding to 
the Upper Shikoku Basin and the modern endospore peak within the Lower Shikoku 
Basin. 

6. Geochemical evidence for microbial activity (Fig. 2) 
Sediment pore-water profiles of microbial substrates, intermediates, and products 

provide insights into in-situ microbial activity and integrate a variety of processes in time 
and space. In this study, we present concentration profiles of sulfate, methane, and ace-
tate together with the carbon isotopic composition (δ13C) of methane (δ13C-CH4) and ace-
tate (δ13C-acetate) (Fig. 2). We compare the relative abundance of methane and ethane 
(expressed as ratio of methane over ethane, C1/C2) as indicator of biogenic vs. thermo-
genic methane sources (Fig. 2). Moreover, we calculate Gibbs free energy yields for vari-
ous reactions involving methane and acetate based on shipboard data of dissolved hydro-
gen (H2), dissolved inorganic carbon (DIC), and sulfide, and we employ a diffusion-reac-
tion model for the interpretation of changes in the carbon isotopic composition of pore-
water acetate. In the following, we provide details on sampling, analytical methods, and 
our modeling approach. 

 
6.1 Sampling 

Shipboard and shore-based gas analyses were conducted on sediment samples that 
were taken from the freshly cut core and allowed to degas dissolved gases into the head-
space of a tightly closed glass vial (head space sampling) (13). For shipboard analysis of 
light hydrocarbon gases (C1-C4), ~5 cm3 of sediment were transferred into 20 mL head-
space vials, which were immediately sealed with a silicone septum and metal crimp cap. 
For shore-based analysis of δ13C-CH4, ~5 cm3 of sediment were transferred into 20 mL 
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headspace vials, and preserved with 5 mL of 1 N NaOH solution before the vials were 
sealed with butyl stoppers and crimp caps. Samples were stored at -20°C. For shipboard 
analysis of dissolved H2, ~5 cm3 of sediment were extruded into 20 mL borosilicate glass 
headspace vials with septum screw caps and completely filled with 18 MΩ water. The 
method relies on the nearly complete extraction of dissolved H2 into a defined H2-free gas 
volume. In order to create a headspace, 1 cm3 of nitrogen (N2) gas was inserted into the 
vial using a gas-tight syringe, while an equivalent volume of water was allowed to escape 
through a needle. The samples were stored upside down for up to 24 h to allow equilibra-
tion prior to measurement. 

Pore-water constituents, such as sulfate, acetate, DIC and sulfide, were analyzed in 
interstitial water samples extracted from 10 to 80 cm long WRCs. The WRCs were cut 
from core sections with minimal drilling disturbance, selected as described in the expedi-
tion report (13) and above (cf. section 4.2). Sediment was extruded from the core liners 
and prepared for squeezing in a nitrogen-flooded glove bag in order to minimize the oxi-
dation of oxygen-sensitive species. The outer layer of the sediment cores was carefully 
removed with a ceramic knife to avoid contamination from drilling fluid, and the cleaned 
sediment was filled into the titanium beakers of the squeezer. Interstitial water was then 
extracted using a Carver laboratory hydraulic press, which was not in the glove bag. In 
general, a force up to 30,000 lb was applied. This maximum force was chosen to avoid 
clay mineral dehydration. However, the force was increased to up to 60,000 lb for a few 
samples that did not yield sufficient water (reported in Table T13 of ref. 40). The intersti-
tial water was passed through an Advantec 13 100% alpha cotton cellulose 3-μm filter in-
side the squeezer (both prewashed with 18 MΩ water), collected in a 24-mL acid-washed 
plastic syringe, extruded through a Millipore Millex-LH hydrophilic 0.45-μm polytetra-
fluoroethylene (PTFE) disposable filter and collected into acid-washed high-density poly-
ethylene (HDPE) vials. For shipboard sulfate analysis, an aliquot of the interstitial water 
samples was diluted 1:200 with 18.2 MΩ deionized water. Samples for shore-based anal-
ysis of acetate were stored in pre-combusted glass vials at -20°C. All sampling proce-
dures are described in detail in the expedition report (13). 

In the course of the expedition, QA/QC routines revealed a variance in dissolved 
sulfate concentrations that, based on a diffusion model, could be attributed to the diffu-
sion of sulfate from the core liner fluid into the core. The scatter in sulfate concentrations 
decreased when thicker layers were removed from the outer surface of sediment cores 
prior to squeezing. While initially the outer ~3 mm were scraped off from each sediment 
surface, 5 mm and finally 7 mm were removed after Core 54R (712.71 mbsf) and Core 
83R (864.88 mbsf), respectively.  

 
6.2 Analytical methods 

Methane and higher hydrocarbons – For shipboard analysis of concentrations of 
methane and higher hydrocarbon gases (C2-C4), the headspace vials were placed in an 
Agilent Technologies 7697A headspace sampler, where they were heated to 70°C for 
30 min before an aliquot of the headspace gas was automatically injected into an Agilent 
7890B GC equipped with a packed column (HP PLOT-Q) and flame ionization detector 
(FID). Helium was the carrier gas (10 cm3 min-1). After injection, the initial column oven 
temperature of 60°C was ramped at a rate of 10°C min-1 to 150°C. Chromatographic re-
sponse of the FID was calibrated with commercial standards, and the response of the FID 
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was checked on a daily basis as described in the expedition report (13). Based on the ana-
lyzed partial pressures of methane in headspace gas samples, the concentrations of dis-
solved pore-water methane were derived using a mass balance approach (13). The result-
ing hydrocarbon gas data are reported in Table T21 and T22 of ref. 40. 

Dissolved H2 – Concentrations of dissolved H2 were quantified using a Peak 
Performer 1 (PP1) gas chromatograph. The PP1 was fitted with a 25 μL sample loop and 
calibrated on a daily basis using a 14.3 parts per million by volume (ppmv) H2 gas stand-
ard. A four-point calibration curve was obtained by measuring the standards using differ-
ent size sample loops (10, 25, 50, and 100 μL). To perform a measurement, 500 μL of 
headspace gas was extracted using a gas-tight syringe with a needle and injected into the 
PP1. Each sample was analyzed in duplicate. The measured H2 concentrations of the 
headspace were converted to molar H2 concentrations in interstitial waters using a mass 
balance approach. In order to account for incomplete recovery of H2, the measured con-
centrations were multiplied by a factor of 1.15. The procedural blank associated with this 
method averaged 3.4 ± 0.6 nM H2. The blank-corrected concentration detection limit 
(based on three times the standard deviation of the blank) obtained using this protocol 
was 0.6 nM H2. The method and raw data are documented in detail in the expedition re-
port (13, Table T16 in ref. 40). 

Sulfate – Shipboard analysis of sulfate was conducted using a Dionex ICS-2100 ion 
chromatograph. The column oven was set at 30°C. The eluent solution was 40 mM potas-
sium hydroxide. Aliquots of a standard (IAPSO Batch 157, salinity = 34.994) were used 
in all analytical batches. In each batch, every diluted sample was analyzed twice. Varia-
tions due to temperature-dependent changes in the injected volume and sample dilution 
were corrected by normalization to chloride, which was determined independently by ti-
tration. An IAPSO standard was analyzed after every fifth analysis for drift correction, 
thus yielding an uncertainty of 0.02 mM for sulfate analysis. The method and raw data 
are documented in detail in the expedition report (13, Table T14 in ref. 40). 

DIC – Shipboard analysis of DIC was conducted with a Marianda automated infra-
red inorganic carbon analyzer (AIRICA). Interstitial water samples or standards (1 mL) 
were acidified with 10% phosphoric acid (150 µL), and CO2 was stripped from the sam-
ple with N2 and dried using a series of two Perma Pure Nafion tubes and a cooling cham-
ber before measurement of infrared absorption due to CO2. The absorption was integrated 
and the total CO2 of a sample was calculated based on comparison to the standard using 
the Beer-Lambert law. If necessary, interstitial water samples were diluted with aerated 
18 MΩ water. The laboratory standard for DIC was certified reference material (CRM) 
Batch 156 seawater prepared at the Marine Physical Laboratory, Scripps Institution of 
Oceanography (USA). The standard was analyzed at the start of an analytical run and was 
subsequently analyzed following every five samples to constrain instrument drift. All 
standards and samples were run in duplicate. The detrended average of CRM Batch 156 
seawater from each daily analytical run was used for determining concentration. The 
method and raw data are documented in detail in the expedition report (13, Table T14 in 
ref. 40). 

Sulfide - Hydrogen sulfide (H2S, HS−) concentrations were determined using the 
methylene blue method and a Hach DR 2800 spectrophotometer. Interstitial waters sam-
pled were taken under anoxic conditions, and 0.5–1.0 mL of sample was transferred into 
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0.4 or 0.6 mL of a 0.05 M zinc acetate (ZnAc) solution (dilution factor = 1.4) to precipi-
tate sulfide as ZnS. Samples were stored at 4°C until measurement in batches. Before 
analysis, samples were shaken thoroughly, pipetted into half-micro cuvettes, and mixed 
with 15 μL of color reagent (0.4 g N,N-dimethyl-1.4.phenylendiammonium-dihydrochlo-
ride in 100 mL 30% v/v HCl) and 30 μL of catalyst (1.6 g FeCl3·6H2O in 100 mL 30% 
v/v HCl). Samples were measured after 10–15 min at 670 nm wavelength. Calibrations 
were performed for concentrations up to 1.5 mg/L of sulfide using a solution of 
Na2S·9H2O. Detection and quantification limits of the method were 0.2 and 0.4 μM, re-
spectively. The method and raw data are documented in detail in the expedition report 
(13, Table T14 in ref. 40). 

δ13C-CH4 – The carbon isotopic composition of methane was analyzed on shore by 
isotope ratio monitoring gas chromatography/mass spectrometry (irm-GC/MS), using a 
Thermo Finnigan Trace GC Ultra connected to a Thermo Finnigan DELTA Plus XP mass 
spectrometer via a Thermo Finnigan GC combustion III interface. The Trace GC was 
equipped with a Carboxen column (30 m length, 0.32 mm inner diameter). The carrier 
gas was helium (3 mL min-1), the split ratio ranged from 1:3 to 1:100 depending on sam-
ple concentration, and the temperatures of the GC oven and injector were 40°C and 
200°C, respectively. The primary standardization was based on multiple injections of ref-
erence CO2 from a lab tank (δ13C = -34.17 ± 0.1‰ vs. VPDB, 3.0 ± 0.5 V at m/z 44) at 
the beginning and end of the analysis of each sample. The analytical precision was better 
than 0.4‰ (1σ). The data have been deposited in the PANGAEA database (35). 

Acetate and δ13C-acetate - Concentration and carbon isotopic composition of acetate 
were analyzed on shore by isotope ratio monitoring high performance liquid chromatog-
raphy/mass spectrometry (irm-HPLC/MS) as described previously (24). The analysis in-
volves chromatographic separation of VFAs on a Thermo Finnigan Surveyor HPLC com-
bined with chemical oxidation of the effluents in a Thermo Finnigan LC IsoLink inter-
face and subsequent online transfer of the resulting CO2 into a Thermo Finnigan DELTA 
Plus XP mass spectrometer via open split. Chromatographic separation was achieved 
with a VA 300/7.8 Nucleogel Sugar 810H column (300 mm length; 7.8 mm ID; 
Macherey-Nagel) equipped with a guard column (CC30/4 Nucleogel Sugar 810H; 30 mm 
length; Macherey-Nagel), and 5 mM phosphoric acid as mobile phase with a flow rate of 
300 µL min-1. The column was kept at room temperature. The quantitative analysis of 
VFAs is based on the linear correlation between signal area of m/z 44 recorded by irm-
LC/MS and injected amount of carbon (74). For carbon isotope analysis of VFAs, pri-
mary standardization on the DELTA Plus XP is based on multiple (three to six) injections 
of reference CO2 (δ13C = -34.3 ± 0.1‰ vs. VPDB, 3.5 ± 0.5 V at m/z 44) from a tank be-
fore and after the analysis of each sample. We calculated the 13C/12C ratios of the eluting 
compounds and the corresponding δ13C-values according to Ricci et al. (75) and Santrock 
et al. (76), using ion currents of m/z 44 and m/z 45 integrated over time for each individ-
ual peak and a mean 17O/16O ratio for each chromatographic run that resulted from the 
analysis of the CO2 reference peaks. Precision and accuracy were assessed by periodic 
analysis of standards as described previously (74). Standard deviations for repeated car-
bon isotope analysis were <0.6‰, and mean δ13C values of dissolved VFAs deviated by 
<1.3‰ from those determined for their salts by elemental analyzer/isotope ratio mass 
spectrometer (EA/IRMS). The detection limit for carbon isotope analysis of acetate was 
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10 µM, i.e. slightly higher than the detection limit of 5 µM for quantitative acetate analy-
sis. Samples with acetate concentrations exceeding 1.3 mM were diluted 1:10 with 
MilliQ water to facilitate accurate analysis. The data have been deposited in the 
PANGAEA database (35). 

 
6.3 Thermodynamic calculations (Fig. S9) 

The standard Gibbs energy (∆G0insitu) of sulfate-dependent AOM (CH4 + SO4
2- → 

HCO3
- + HS- + H2O), sulfate reduction from acetate (SO4

2- + CH3COO-  HS- + 
2HCO3

-), sulfate reduction from hydrogen (4H2 + SO4
2- + H+  HS- + 4H2O), methano-

genesis from acetate (CH3COO- + H2O  CH4 + HCO3
-), and methanogenesis from hy-

drogen (4H2 + HCO3
- + H+  CH4 + 3H2O) (fig. S9) was calculated using the 

SUPCRT/OBIGT software package (77) and reported thermodynamic data (78-80) for in-
situ temperatures estimated from the local geothermal gradient (fig. S4) and a median 
pressure of 55.8 MPa. Concentrations of reactants and products (acetate, DIC, H2, me-
thane, sulfate, sulfide) were determined by shipboard and shore-based analysis as de-
scribed above. The energy of reactions at non-standard conditions (∆GR) was calculated 
according to:  

 
∆GR = ∆G0insitu + R × T × ln Q (10) 

where R (0.008314 kJ mol-1 K-1) is the ideal gas constant, T (in K) is the in-situ tem-
perature, and Q denotes the activity quotient of the reactants and reaction products. Ac-
tivities were estimated by multiplying the measured concentration of the species with ac-
tivity coefficients calculated from an extended version of the Debye-Hückel equation 
(81) for an ionic strength of I = 0.64 and in-situ temperatures using the Geochemists 
Workbench® Software (www.gwb.com). In depths where HS- was below detection, we 
assumed a molar concentration of 0.1 µmol L-1. The resulting ∆GR data (Fig. S9) have 
been deposited in the PANGAEA database (35). 

 
6.4 δ13C-acetate diffusion-reaction model (Fig. S10) 

Profiles of concentrations of acetate and its carbon isotopic compositions (δ13C-
acetate) (Fig. 2C) indicate effective turnover of acetate in up to 60°C hot sediments, mini-
mal utilization of acetate between 60°C and 100°C, and the presence of a biological ace-
tate sink above 100°C. Dissolved acetate concentrations ([Ac]) are sub-millimolar in sed-
iments of the Upper Shikoku Basin and increase at the transition to the Lower Shikoku 
Basin where they remain relatively constant, at 9.2 ± 2.4 mM (Fig. 2). Starting near the 
Upper and Lower Shikoku Basin interface, δ13C-acetate is invariable, -18.8 ± 0.5‰, 
within the measurement precision (0.6‰) (Fig. 2C). This constancy breaks at the transi-
tion between the zone of no detectable microbial cells and the deep cell-populated zone. 
Acetate concentrations decrease while δ13C-acetate monotonically increases with depth, 
reaching a maximum measured value of -7.9‰ at 1101 mbsf. This combination of iso-
tope and concentration data implies catabolic acetate utilization.  

The interval of invariant δ13C-values is consistent with production of acetate from 
isotopically monotonous organic matter, by thermal degradation and possibly fermenta-
tion. In contrast, the deep increase of δ13C-values is consistent with biological utilization 
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of acetate, which favors the 13C-depleted acetate isotopologue, leaving the unreacted ace-
tate enriched in 13C (24, 74, 82). At any depth, the isotopic composition of acetate reflects 
the composition of the source(s), the isotopic fractionation associated with consumption, 
and diffusion, which tends to homogenize variations. For a depth interval where there is 
no significant continuing acetate production and over which diffusive transport is limited, 
i.e., (L/(Dt)0.5<1 (where D is the effective diffusion coefficient, L is the length scale and t 
is time), δ13C-acetate is expected to vary linearly with ln ([Ac]/[Ac]0) (where [Ac]0 is the 
initial acetate concentration), with a slope of the isotope fractionation, ε. In a diffusive 
steady state system with either zero or first order uptake kinetics, concentrations are zero 
at the boundary and the slope should be ε/2. In systems where there is diffusion but 
steady-state has not been reached, the slope is expected to be between these values.  

As expected, if biological uptake caused the acetate depletion in the deep cell popu-
lated zone, δ13C-acetate varies linearly as a function of ln ([Ac]/[Ac]0) (fig. S10). With a 
best-fit slope of -7.7‰, the corresponding ε value is ranging from -7.7‰ to -15.4‰. This 
is consistent with the range of experimentally determined ε values associated with biolog-
ical acetate utilization (25). 

We estimated the magnitude of the uptake with a simple model. First, we estimated 
the magnitude of thermogenic production based on acetate concentrations between ~650 
and ~940 mbsf. In this zone of constant δ13C-acetate, which indicates the lack of uptake, 
concentrations rise rapidly and then approximately plateau. Since diffusion will only be 
effective over distances less than approximately 50 m in this region over the timescales 
since burial-driven heating began producing acetate 0.4 Ma, this plateau implies that the 
presumably dominantly thermogenic production is rapid as the sediment is heated to the 
acetate producing temperature window. Production then slows dramatically with further 
burial and heating, as otherwise concentrations would significantly rise with depth. The 
total production of acetate in each unit of sediment has thus been approximately 
9.2 ± 2.4 mM, while in our deepest sample concentration has been reduced to 3.3 mM, 
which gives an average depletion rate since the time of acetate production 0.4 Ma of ap-
proximately 5x10-12 to 7x10-12 mol cm-3 y-1. Normalized to the abundance of cells in the 
cell populated zone (10-100 cells cm-3), the average uptake rates over the time since ace-
tate was produced are between 5x10-14 to 7x10-13 mol cell-1 y-1.  

7. Radiotracer experiments (Fig. 2E) 
Metabolic activity of methanogenesis from CO2 was determined in radiotracer ex-

periments to achieve the highest possible sensitivity. Sediment was amended with sea-
water medium, traces of hydrogen, and 14C-bicarbonate, and incubated in gas-tight head-
space vials at representative in-situ temperatures. At the end of the experiments, radioac-
tivity of the methane and bicarbonate pool was determined to quantify the rate of me-
thane production. The resulting methanogenesis rates (MGRDIC) should be regarded as 
potential activity. 

For radiotracer experiments, one peeled WRC sample (approx. length 10 cm) per in-
vestigated core was transferred to an anaerobic chamber. In the glove box, additional sed-
iment (ca. 2-3 mm) was removed from the WRC surface with a sterile ceramic knife and 
discarded. The clean innermost part of the core was chopped off with the knife to create a 
mixture of very small sediment chips and powder. Approximately 5 mL of this sediment 
was placed into a 20-mL crimp vial to which 5 mL of artificial seawater medium (sulfate-
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free, 1 mM NaHCO3) were added (see recipe below). Three replicate vials were prepared 
from each WRC. Vials were crimp-sealed with chlorobutyl stoppers (Bellco) and alumi-
num crimps. After sealing, the vial headspace was flushed with N2 gas to remove any hy-
drogen and other gases present in the atmosphere of the anaerobic chamber. Subsequent-
ly, 40 µl N2/H2 gas (95%/5%) was injected into each vial to provide approx. 130 nM of 
dissolved hydrogen in the liquid phase. All vials and stoppers were autoclaved, and solu-
tions were either autoclaved or filtered through sterile syringe filters (0.22 μm pore size) 
prior to use. 

Radiotracer experiments were conducted in the radioisotope van onboard Chikyu. 
For the determination of MGRDIC, about 10 μL of radiolabeled (14C) NaHCO3

- (contain-
ing up to 3.7 MBq radioactivity) were injected through the rubber stoppers, and vials 
were shaken thoroughly. Samples were incubated at temperatures within the in-situ 
range: 40°C for ≤ 360 mbsf, 60°C for 405-585 mbsf, 80°C for 604-775 mbsf and 95°C 
for ≥ 816 mbsf. After 5-10 days of incubation, microbial activity was stopped by inject-
ing 500 µL 50% NaOH (w/v) into each vial, and vials were shaken and shipped to Aarhus 
University, Denmark, for analysis.  

The radiotracer experiments were accompanied by a suite of controls. On-board 
Chikyu, sediment controls (5 mL sediment mixed with 5 mL artificial, sulfate-free sea-
water medium) were incubated without radiotracer addition. Radiotracer was then added 
after microbial activity was stopped to check for reactions past incubation. In addition, 
medium controls (5 mL sterile medium, no sediment) and drill fluids (5 mL drill fluid, 
both seawater and high viscosity samples from the mud tank) were incubated with radio-
tracer in the same manner as sediment samples to check for non-biological reactions in 
the medium and biological reactions in the drill fluid, respectively. Moreover, an addi-
tional set of killed sediment controls was prepared post-cruise by irradiating sediment 
with 18 kGy. After irradiation, samples were incubated and processed like regular sedi-
ment samples. 

Artificial seawater medium for sediment slurry incubations was prepared as follows. 
The subsequent salts were added to a 2-L glass bottle: 400 mg KH2PO4, 500 mg NH4Cl, 
1 g MgCl2 x 6H2O, 1 g KCl, 300 mg CaCl2 x 2H2O, 50 g NaCl. The bottle was filled up 
to 2 L with ultrapure H2O. Some drops of Resazurin solution (100 mg Resazurin in 
100 mL H2O) were added. The bottle was covered (but not completely closed) with a 
screw cap and autoclaved. After autoclaving, the medium was purged with N2 gas while 
still hot (>60°C). During purging, 10 mL of sterile filtered NaHCO3 solution (84 g 
NaHCO3 in 100 ml H2O) were added to the medium. The pH was adjusted to 7.5 with 
sterile filtered 6.5% HCl (v/v) or NaOH solution (w/w). The bottle was then closed with a 
sterile butyl stopper and a screw cap and ~3 mL of sterile filtered Na2S solution (1.2 g 
Na2S in 100 mL H2O) was added through the stopper with a syringe to reduce the 
medium. Reduction was confirmed by discoloration of Resazurin. 

In each crimped vial, the amount of radioactive methane (14CH4) was determined us-
ing a method involving purging of the headspace, followed by combustion of 14CH4 from 
the headspace to 14CO2, and scintillation counting (29). More specifically, the headspace 
was flushed with CO2-free air at 25 mL min-1 for 20 min. In the evolving gas stream, 
14CH4 was oxidized to 14CO2 in a quartz glass tube containing CuO pellets, heated to 
900°C. 14CO2 from the oven exhaust gas was trapped in 5 mL Carbosorb (Perkin Elmer). 
The Carbosorb was mixed with 5 mL scintillation cocktail (Permafluor, PerkinElmer) and 
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radioactivity of 14CO2 was quantified on a TriCarb 2900TR liquid scintillation analyzer 
(PerkinElmer). The entire gas line was made of glass, which does not absorb CO2, and 
the gas stream was subjected to a wash-step in 1 M NaOH before combustion to prevent 
trace amounts of labeled DIC from penetrating into the oven. The efficiency of CH4 com-
bustion was tested by adding known amounts of non-radioactive CH4 to a reaction vessel 
and following its conversion to CO2 in the exhaust gas. For this, 500 µL of the exhaust 
gas was regularly injected into a gas chromatograph equipped with a 0.9-m packed silica 
gel column of 3.1 mm inner diameter and a flame ionization detector (SRI 310C, SRI 
Instruments). Conversion efficiencies were always >99%.  

After extraction of 14CH4, a subsample of the sediment slurry (100 to 250 µL) was 
transferred into a new glass vial, crimp capped with butyl rubber stoppers, and acidified 
with 2 mL of HCl (6 M) to determine the remaining [14C]-DIC in the sediment. All pro-
duced 14CO2 was flushed out of the vial headspace with N2 at 25 mL min-1 for 35 min and 
trapped in 5 mL Carbosorb. The radioactivity of 14CO2 was counted in 5 mL scintillation 
cocktail (Permafluor, PerkinElmer) on a TriCarb 2900TR liquid scintillation analyzer 
(PerkinElmer).  

MGRDIC were calculated similar to (29): 
 
MGRDIC = (ACH4 / [ACH4 + ADIC]) × [DIC] × 1.08 × ρ / (t × m)  (11) 

 
if 

ACH4 > [bc + (3 × σbc)] (12) 
 

where ACH4 is the radioactivity (counts per minute = CPM) of CH4 at the end of the 
incubation, ADIC is the radioactivity (CPM) of DIC at the end of the incubation, [DIC] is 
the amount (pmol) of DIC in the sample medium based on the DIC concentration in the 
medium (0.677 mM) and in the natural sediment porewater, 1.08 is the correction factor 
for the expected isotopic fractionation (83), ρ is the bulk sediment density (g cm-3), t is 
the incubation time (d), m is the sediment mass (g), bc is the scintillation counter blank 
signal and σbc is the standard deviation of the blank signal.14CH4 radioactivity determined 
in controls (sediment controls, medium controls, drill fluid, killed sediment controls) was 
within or close to levels of scintillation counter blanks. A conservative minimum quanti-
fication limit for biological tracer turnover of 0.094 pmol CH4 cm-3 d-1 was calculated 
from the average activity measured in the killed control incubations plus 3 times the 
standard deviation. The down-hole profile of potential methanogenesis rates in Fig. 2E 
shows averages and standard deviations of three replicates (table S2).  
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Fig. S1. 
Bathymetric map showing IODP Site C0023 drilled by the DV Chikyu in 2016 (IODP Expedition 370) 
off Cape Muroto, Japan, together with previously existing ODP Sites 808 and 1174 drilled by the DV 
JOIDES Resolution in 1990 and 2000, respectively. Inset map shows the location (red square) within the 
context of the general tectonic configuration of the Japanese Island system. (Modified from ref. 13). 
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Fig. S2 
Depth profiles of sedimentological properties at IODP Site C0023. (A) Lithostratigraphy, tectonic do-
mains, and age information. Major lithological facies (black) are given together with core observations 
used to constrain formation boundaries (modified from ref. 13). Three tectonic domains (red) are separated 
based on deformation structures, i.e. an upper domain that comprises the prism, cut by low angle thrusts, 
the décollement zone at 758-796 mbsf, consisting of relatively thin, characteristically brecciated fault zones 
that are alternating with several meter thick intact zones, and an underthrust domain with extensional fault-
ing and no thrust fault zones (40). The age model results from biostratigraphic studies based on calcareous 
nannofossil assemblages (39). (B) Porosities, inferred from moisture and density measurements of discrete 
sediment and rock samples, generally decrease with increasing depth. However, a distinct reversal of this 
trend (dotted line) occurs across and below the décollement (modified from ref. 40). (C) P-wave velocities, 
i.e. the speed at which ultrasonic sound waves pass through intact sediment cores in three-dimensional 
space (x, y, z), inversely reflect the porosity profile in general, except for a positive excursion of P-wave 
velocities from the down-hole trend (dotted line) at ~630 mbsf, pointing to a stiffening of the fine to coarse 
tuff and tuffaceous muds in this interval (modified from ref 40). (D) Equivalent strength (EST) is a measure 
for the in-situ strength of the geological formation, which is deduced from drilling parameters. Positive 
EST excursions from the down-hole trend (dotted line) show distinctly elevated mechanical strength in the 
tuff-rich sediments around ~630 mbsf, while negative EST excursions reveal a mechanically weak zone 
below the décollement (modified from ref. 33). (E) The radiodensity profile was derived from continuous 
logging of sediment cores by X-ray computed tomography (XCT), with average values of quality con-
trolled mean CT number (MCN) in lithological intervals logged by visual core description (modified from 
ref. 52). In general, radiodensity increases with depth due to the compaction of mud and mudstones (black 
symbols). Negative and positive excursions reflect and record the presence of porous tuff layers (gray sym-
bols) and dense hydrothermal mineral assemblages (red symbols), respectively. Gray shading indicates 
zones where concentrations of both vegetative cells and endospores were below the detection limits of the 
employed methods in all investigated samples (cf. Fig. 1). The horizontal dashed gray line indicates the lo-
cation of the sulfate-methane transition zone (SMTZ) at ~730 mbsf (cf. Fig. 2). 
  

27



 
 

Fig. S3 
Heat flow estimate for IODP Site C0023. Measured in-situ temperature vs. thermal resistance. The slope 
of the line is equal to –q, the negative of the heat flow, -0.1404 W m-2 (53). The 90% confidence limit of 
the heat flow is 0.005 W m-2. The error bars are the reported uncertainties of the measured temperature, 
0.2%. 
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Fig. S4 
Temperature profile at Site C0023. In-situ temperatures were determined based upon measured heat 
flow, thermal conductivities and application of the Bullard equation (equation 2) (53). The thick line is the 
best estimate and the thin lines represent the 90% confidence limits. The red triangles are in-situ tempera-
tures measured by APCT-3 tool. 
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Fig. S5 
SYBR Green I staining of vegetative cells (a) and endospores (b) of Bacillus subtilis NBRC13719. This 
figure illustrates the difficulty in identifying spores even of pure cultures of organisms that are mixed into 
sterilized sediments. In (c), endospores were mixed in sterilized sediment prior to staining by SYBR Green 
I. Typical yellowish endospores, which are difficult to distinguish from sediment particles, are indicated by 
white arrows. Bars are 10 µm. 
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Fig. S6 
Absence of contaminant cells from drilling fluids in low biomass samples recovered from IODP Site 
C0023. Concentrations of microbial cells fluorescently stained with SYBR Green I fall in the range of the 
analytical blank (4.2 ± 4.0 cells cm-3; N = 20) or remain below the minimum quantification limit (MQL) of 
16 cells cm-3 in 32 samples retrieved from 829 to 1020 mbsf. This finding shows that the introduction of 
contaminant cells was negligible during cutting, retrieval and processing of 21 successively taken rotary 
core barrel (RCB) cores on board DV Chikyu. 
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Fig. S7 
Impact of drilling on the concentration of vegetative cells in samples from Site C0023. (A) Sample 
quality was assured using X-ray CT imaging for the selection of undisturbed core intervals, and controlled 
based on a quality assessment of individual 0.625 mm thick X-ray CT slice images. A mean slice quality of 
100% in the sampled ~30 cm long core intervals represents the highest possible core quality. The lack of 
relation between mean slice quality and vegetative cell abundance shows that contamination due to the in-
troduction of microbial cells along drilling induced fractures is negligible in high quality cores. (B) Estab-
lished routines for contamination testing were applied to monitor the potential intrusion of drilling fluid 
into the cores with the perfluorocarbon (PFC) tracer perfluoromethylcyclohexane. PFC recovery normal-
izes the PFC concentration measured in the center part of an individual core to the average PFC concentra-
tion in the outer parts of the cores, which had been in direct contact with drilling fluid. A PFC recovery of 
0% in the core center represents the lowest risk of drilling induced contamination. The lack of a relation-
ship between PFC recovery and vegetative cell abundance indicates the absence of contamination due to 
diffusion or advection of drilling fluids. The dashed line represents the analytical blank of cell enumeration 
(4.2 ± 4.0 cells cm-3). 
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Fig. S8 
Validation of the observed accumulation of endospores (> 1x106 endospores cm-3; Fig. 1) within the 
sediment interval corresponding to the major endospore peak between 633-827 mbsf at Site C0023. 
Depicted is the hypothetical temporal history of the concentrations of thermophilic endospores (solid red 
line) and vegetative Firmicutes (solid blue line) in the sediments corresponding to this peak through the 
time period characterized by intensified geothermal heating. Red and blue dashed lines are schematic and 
do not represent modeling outputs. High accumulation rates of trench sediments in the last 0.4 My caused 
rapid, linear heating of the sediments at a rate of ~125°C My-1. Our model assumes the presence of a back-
ground population of 1,000 thermophilic endospores cm-3 (red dashed line; this value is lower than esti-
mated background populations in young Arctic surface sediments (16) and was arbitrarily chosen to be 
lower than our detection limit) and initial germination of vegetative Firmicutes from these endospores at 
0.32 Ma, when temperatures reached 50°C; subsequent growth of the Firmicutes populations lasted for 
0.2 My until sediment temperatures in this horizon had reached 75°C. Further details on the model parame-
ters are presented in section 5.3 of the supplementary text. Two exemplary scenarios with different sporula-
tion rates (A: 0.49; B: 0.5, corresponding to no net growth of the vegetative cell population) are illustrated. 
In these scenarios the formation of the large endospore population (>1x106 endospores cm-3) from germina-
tion of a small background population of thermophilic endospores and subsequent growth is plausible un-
der a set of reasonable assumptions such as a growth temperature range of 50-75°C for thermophiles and 
doubling time of 201 to 1290 years for vegetative cells, while still maintaining a relatively low vegetative 
cell population of 1x103 to ~2x104 cells cm-3. 
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Fig. S9 
Calculated Gibbs free energy yields of methanogenesis from hydrogen, sulfate reduction from hydrogen, 
methanogenesis from acetate, sulfate-dependent AOM, and sulfate reduction from acetate, in sediments at 
Site C0023. 
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Fig. S10 
δ13C-acetate diffusion-reaction model. At the bottom of Hole C0023A, at 961-1101 mbsf, acetate concen-
trations [Ac] decrease and δ13C-acetate varies linearly as a function of ln ([Ac]/[Ac]0), where [Ac]0 is the 
acetate concentration in the overlying stagnant acetate pool (i.e. a measured concentration of 11.7 mM at 
929.71 mbsf, close to the upper range of average acetate concentrations of 9.2 ± 2.4 mM at 593.45-945.21 
mbsf, N = 47). This relationship indicates biological uptake of acetate. The best-fit slope of -7.7‰ is con-
sistent with the range of experimentally determined isotopic fractionation factors associated with biological 
acetate utilization (25). 
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Table S1. 
Endospore to vegetative cell ratios for different depth intervals. The upper interval 
boundary was approximated to the depth of the shallowest sample analyzed for endo-
spores (250 mbsf) or the depth of the major decline of vegetative cell concentrations (350 
mbsf). The lower boundary was set by the deepest endospore sample (1121 mbsf) or the 
sediment/basement boundary (1177 mbsf). Additionally, calculations using the endospore 
detection limit of 2.2 x 104 endospores cm-3 are provided together with calculations, using 
the value of the analytical blank of vegetative cells as hypothetical detection limit (DL) 
for endospores (4 endospores cm-3). 
 
 

 Ratio endospores/vegetative cell 

Interval 
DL = 2.2 x 104 
endospores cm-3 

DL = 4 
endospores cm-3 

250 mbsf – 1121 mbsf 120 110 
250 mbsf – 1177 mbsf 120 110 
350 mbsf – 1121 mbsf 8200 7700 
350 mbsf – 1177 mbsf 6500 6100 
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Table S2. 
Potential methanogenesis rates from dissolved inorganic carbon determined in radiotracer 
experiments. AVG = average, StDEV = Standard deviation. Gray fields indicate average 
rates below the quantification limit (<0.094 pmol CH4 cm-3 d-1). 
 
 

 

Replicate 1 Replicate 2 Replicate 3
Depth                            
[mbsf]

Methane 
production

[pmol d-1 cm-3]

Methane 
production

[pmol d-1 cm-3]

Methane 
production

[pmol d-1 cm-3]

AVG Methane 
production

[pmol d-1 cm-3]

StDev Methane 
production

[pmol d-1 cm-3]

189 391.53 394.71 464.39 416.88 41.18
206 27.86 35.62 4.49 22.65 16.20
319 1.49 3.59 2.36 2.48 1.06
350 1.08 2.50 0.88 1.49 0.88
405 0.90 0.47 0.30 0.56 0.31
412 0.51 0.98 0.42 0.63 0.30
430 0.57 0.24 0.72 0.51 0.25
443 0.18 0.00 0.00 0.06 0.10
448 0.88 1.30 0.47 0.88 0.41
476 1.55 0.53 0.41 0.83 0.62
486 0.19 0.12 0.05 0.12 0.07
496 0.15 0.14 0.05 0.11 0.06
508 0.00 0.00 0.05 0.02 0.03
538 0.05 0.25 0.13 0.14 0.10
564 1.91 0.89 0.73 1.18 0.64
576 0.00 0.00 0.05 0.02 0.03
585 0.15 0.05 0.05 0.08 0.06
605 0.17 0.14 0.05 0.12 0.06
616 0.21 0.23 0.26 0.24 0.03
633 1.30 1.09 0.71 1.03 0.30
643 1.78 2.24 0.71 1.58 0.79
693 0.32 0.45 0.33 0.37 0.07
718 0.50 0.29 0.29 0.36 0.12
735 0.64 0.58 0.17 0.46 0.26
754 0.19 0.05 0.00 0.08 0.10
775 0.00 0.00 0.09 0.03 0.05
816 0.05 0.11 0.14 0.10 0.05
830 0.00 0.05 0.05 0.03 0.03
850 0.23 0.19 0.16 0.19 0.04
864 0.52 0.47 0.25 0.41 0.15
883 0.33 0.41 0.50 0.41 0.09
901 0.20 0.33 0.16 0.23 0.09
922 0.11 0.05 0.05 0.07 0.04
940 0.18 0.00 0.00 0.06 0.11
961 0.05 0.05 0.00 0.03 0.03
980 0.17 0.00 0.00 0.06 0.10

1003 0.00 0.05 0.00 0.02 0.03
1022 0.14 0.00 0.00 0.05 0.08
1042 0.00 0.00 0.05 0.02 0.03
1066 0.00 0.00 0.00 0.00 0.00
1094 1.96 2.17 1.86 2.00 0.16
1124 2.66 1.55 1.51 1.91 0.65
1177 1.12 1.26 2.11 1.50 0.53
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