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Present-day serpentinization systems, such as that at the Mariana forearc, are prominent sources of
reduced volatiles, including molecular hydrogen (H,) and methane (CH,), and are considered analogs for
chemosynthetic ecosystems on early Earth. However, seepage of serpentinization fluids through mud
volcanoes at the Mariana forearc seafloor is defined by high pH, and nutrient scarcity, creating challenging
conditions for microbial life. We present geochemical and lipid biomarker evidence for a subsurface
biosphere shaped by episodic substrate availability, highlighting microbial persistence across steep
geochemical gradients within serpentinite mud. Light stable carbon isotope compositions from diagnostic
lipids reveal a temporal shift from hydrogenotrophic methanogenesis to sulfate-dependent anaerobic
methane oxidation. Membrane adaptations, including unsaturated diether, acyclic and branched
tetraether, and ether-based isoprenoidal and non-isoprenoidal glycosidic lipids, reflect microbial
strategies for coping with this extreme environment. Our findings establish the Mariana forearc as a unique
serpentinite-hosted biosphere, where life operates at the fringes of habitability.

The subseafloor biosphere is estimated to harbor up to 15% of the global
biomass'. Recent advances in deep biosphere research have improved our
understanding of the distribution and diversity of microbial life in the rocky
oceanic crust, especially around hydrothermal vents™’. This subseafloor bio-
sphere has to adapt to limited carbon and nutrient availability, accompanied
by harsh environmental conditions such as high temperature and pressure,
elevated salinity, and/or extreme pH levels’. Serpentinization of mantle rocks
by seawater can generate high levels of H,™ that, in turn, drives the abiotic
reduction of carbon to form CH, and other organic compounds’, which can
be oxidized by chemosynthetic organisms*", forming the foundation for a
serpentinite biosphere'’. The type locality for such a serpentinite biosphere is
the Lost City hydrothermal vent field near the Mid-Atlantic Ridge, where
hydrothermal fluids fuel microbial communities in active and inactive vent
structures””. Methanogenic archaea there are found in active brucite-calcite
vents, whereas older carbonate chimneys host a syntropic consortium of
anaerobic methanotrophic archaea (ANME) and sulfate-reducing bacteria
(SRB) that perform the anaerobic oxidation of methane (AOM)"™*".

The process of serpentinization takes place in a range of geotectonic
settings, including rifted continental margins, mid-oceanic ridges, transform

faults, and convergent margins. Among the latter, the forearc of the Mariana
subduction system is of particular interest because it provides access to
serpentinization products from within an active subduction zone. There,
dewatering of the subducting Pacific Plate leads to serpentinization of the
mantle wedge of the overriding Philippine Sea Plate. Faults reaching
10-25km deep into the forearc allow serpentinite, together with fluids
derived from the subducting slab, to buoyantly rise and form large ‘ser-
pentinite mud volcanoes’ on the seafloor'' (Fig. 1a, c). Fluids venting from
the mud volcanoes are cold (<3.5 °C), hyperalkaline (pH up to 12.6), and
enriched in H, and CH, (both up to ~1 mM)""* and slab-derived sulfate
(SO4*; up to 28 mM)". These fluids are also enriched in short-chain organic
acids like acetate (0.04 mM) and formate (0.1 mM), contributing ~20-30%
of the dissolved organic carbon (DOC)”, and in methanol (0.03 mM)**".
The 8§°C of CH, (—37%o to 2%o), acetate (—8%o), formate (4.8%o) and
methanol (2.3%o) point to their abiotic formation'””". While these serpen-
tinization fluids sustain chemosynthetic life at the seafloor™”, the func-
tioning and extent of the chemosynthetic microbial biosphere below the
seafloor remains largely unknown. Cell counts in the serpentinite mud are
variable, but overall low (10" to 10° cells cm™)***, presumably because of the
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Fig. 1 | Study area and geological context of serpentinite mud volcanism in the
Mariana subduction system. a Bathymetry map of the Mariana subduction system
showing the incoming Pacific Plate, the overriding Philippine Sea Plate, the Mariana
Trench, and a subset of the known serpentinite mud volcanoes on the forearc
seafloor. Stars mark the locations of the Pacman and Subetbia mud volcanoes
investigated in this study. Bathymetry from GEBCO Compilation Group'”.

%trench (km)

b Bathymetry map showing the Pacman mud volcano and the location of gravity
core GeoB24917-1 retrieved during expedition SO292/2. Bathymetric data collected
during expedition $0292/2%. ¢ Schematic of serpentinite mud volcano formation,
following serpentinization of the mantle wedge by slab-derived fluids, formation of
H, and CHy,, and the rise of serpentinite mud and fluids through deep-seated faults
towards the seafloor.

13,16

high pH and intermittent fluid seepage'*'. Extremophilic archaea are
believed to perform AOM as inferred from the detection of phospholipid-
derived diphytanyl diethers and reduced sulfur species in the formation
fluids"®. Metabolic transcripts for denitrification and AOM were interpreted
as evidence for nitrate-dependent AOM within the serpentinite mud
volcanoes™. Although AOM is considered thermodynamically favorable
here'*”, direct evidence for AOM and its associated microorganisms is still
lacking. Methanogenesis is a common metabolic strategy in serpentinization
systems”, but since CH, formation at the Mariana forearc is dominantly
abiotic, the extent of microbial methanogenesis remains uncharacterized.
This study documents AOM coupled to sulfate reduction as a key
metabolic process in the Mariana forearc, indicating the importance of
methane cycling for the indigenous microbial community. Our findings also

provide evidence of relict methanogenesis in the serpentinite mud, where its
temporal distribution is possibly controlled by variable substrate availability.
We present a comprehensive lipid biomarker and isotopic record from the
Pacman and Subetbia mud volcanoes, providing insights into the habit-
ability and survival strategies of extremophilic chemosynthetic life in this
serpentinite biosphere.

Results and discussion

Geochemical and organic carbon transitions in serpentinite mud
The Mariana forearc hosts at least 19 active serpentinite mud volcanoes that
root in a water-fluxed mantle wedge at a distance of ~30 to 90 km to the
Mariana trench'’. We investigated two sediment cores recovered during R/
V Sonne expedition $0292/2° in 2022 (Fig. 1). Core GeoB24917-1 was
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Fig. 2 | Lithology, mineralogy, and pore water

geochemistry of core GeoB24917-1 (Pacman mud
volcano). Lithological profile, mineral assemblages,
and pore water pH (gradient line; top axis) and

sulfate (dashed line; bottom axis) profiles from core
GeoB24917-1 from the Pacman mud volcano sum-
mit. The mineral composition is based on XRD and

thermogravimetry analyses. Arg aragonite, Brc

brucite, Cal calcite, Chl chlorite, cmbsf cm below Pelagic
seafloor, Cpx clinopyroxene, Dol dolomite, Gth sediments
goethite, Hem hematite, Iow iowaite, Mt magnetite,
Pl plagioclase, Qz quartz, Srp serpentine, Zeo zeolite.
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recovered from the summit area of Pacman serpentinite mud volcano,
located ~70 km west of the Mariana trench at 2997 m depth (Fig. 1a). The
core extends to 165 cm below the seafloor (cmbsf) and is primarily com-
posed of variably oxidized serpentinite mud, overlain by pelagic sediments
(Fig. 2), offering an opportunity to study the transition from pelagic to
serpentinite-hosted microbial communities. The bottom section (125-165
cmbsf) is deep blue in color and consists mainly of serpentine, with minor
brucite and iowaite towards the bottom of this interval and aragonite at the
top (Fig. 2, Supplementary Fig. 1, Supplementary Data 1). We interpret this
section to represent serpentinite mud that is largely unaffected by seawater
inflow. It is overlain by serpentinite mud, at 80-125 cmbsf, that is lighter
blue-green in color and primarily composed of serpentine and aragonite.
The lack of brucite in this topmost serpentinite mud suggests interaction
with seawater during which brucite dissolved””** and the mud was oxidized.
We hereafter refer to this shallower layer of serpentinite mud as oxidized
and to the bottom section as less oxidized. A summary of sampling intervals
is listed in Supplementary Table 1.

The Pacman mud volcano fluids exhibit high pH (12.3) and low
concentrations of SO4*~ (13.9 mM)". Pore water profile from our Pacman
core shows a progressive increase from a seawater-like pH (7.6) at the core
top to up to 9.4 at its bottom and a decrease in SO,*~ concentrations from
28.6 t0 26.8 mM (Fig. 2, Supplementary Data 2). These trends are indicative

of seawater mixing with alkaline serpentinization fluids", although SO,*~
can also be derived from the ascending serpentinization fluids, where the
depletion in SO, concentrations with depth may in addition be attributed
to microbial sulfate consumption®.

Total organic carbon (TOC) contents in the serpentinite mud are low
(<0.01 wt.%) with depleted 8" °Croc values (—31%o to —28%o; Supple-
mentary Table 2). These values are similar to those in high-pH horizons
from other serpentinite mud volcanoes”, and can be explained by the
activity of chemosynthetic microorganisms that utilize C-depleted dis-
solved inorganic carbon (DIC) (§"C range of —22.1%o to 3.8%0' ") or DOC
(8"C range of —10%o to —27%o""). On the contrary, TOC contents in the
pelagic sediments are relatively higher (<0.02 to 0.04 wt.%) and exhibit §°C
values consistent with a marine phototrophic origin (§"Croc of —21%o to
—20%o”’; Supplementary Table 2).

The second core GeoB24930-1 was retrieved from the flank of Subetbia
serpentinite mud volcano™, on top of a major mudflow (Fig. 1a, Supple-
mentary Fig. 2). The core is primarily composed of serpentinite mud,
covered by <10 cm of pelagic sediment (Supplementary Figs 1, 3, Supple-
mentary Data 1). Downcore pore water profiles are similar to those in the
Pacman core but only reach a pH of 8.9 and SO, concentrations of
<26 mM at the core bottom (272 cmbsf) (Supplementary Text 1.1, Sup-
plementary Fig. 3, Supplementary Data 2).
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Lipid biomarker zonation at Pacman mud volcano

To infer on the mud volcanoes’ microbial community compositions, we
investigated membrane lipids in the serpentinite mud. All cellular mem-
branes are composed of intact polar lipids (IPLs) which provide a selectively
permeable membrane between a cell and its environment. IPLs represent
living or recently-active microbial colonies, as their polar head groups
degrade after cell apoptosis”’. Contrastingly, IPLs devoid of their polar head
groups, i.e., core structures, have excellent preservation potential, making
them favorable tools when investigating fossil communities™. Remarkably,
intact and core membrane lipids reveal an abrupt change at the transition of
pelagic sediment to serpentinite mud, indicating a shift in archaeal (Fig. 3a,
b, Supplementary Data 3) and bacterial (Figs. 4a, b, 5a, ¢, 6a, Supplementary
Data 4, 5) community composition with the changing geochemical envir-
onment. The chemical structures of all the lipids discussed in the text are
illustrated in Supplementary Fig. 4.

The surface sediments are dominated by glycerol dialkyl glycerol tet-
raethers (GDGTSs) present as core and intact forms with monoglycosidic
(1 G) and minor amounts of diglycosidic (2G) headgroups bearing 0-3
cyclopentane rings (GDGT-3 only detected as core lipid). The sediments
also show high abundances of core and intact crenarchaeol; a diagnostic
marker for the water column dwelling Thaumarchaeota™ (Fig. 3). In the
topmost pelagic sediments, archaeal core lipids are twice as abundant as
archaeal IPLs indicating low de novo production of IPLs and consequently
lower microbial activity compared with the serpentinite mud, where
archaeal IPLs are ~24 times more abundant than their core lipids (Fig. 3).
Bacterial IPL concentrations are similarly low (<1 ngg™"), consistent with
low TOC (~0.04 wt.%). Despite their scarcity, bacterial IPLs are composi-
tionally diverse, comprising mostly ester and ether-ester glycerol lipids with
phospho- and amino headgroups (~90%), and minor occurrences of ether-
based lipids (dietherglycerol (DEG)) (Fig. 4, Supplementary Text 1.2,
Supplementary Data 5). This observed archaeal and bacterial biomarker
distribution is typical of a marine sedimentary community, where parts of
the lipid material may be derived from water column®*. These source
assignments are consistent with their §"°C values; —30 + 2%o to —24 + 1%
for archaeal tetraether lipids and —29%o to —24%o for bacterial-derived fatty
acid chains (Supplementary Text 1.2, Supplementary Table 3).

The transition from pelagic sediment to serpentinite mud is marked by
a shift in archaeal core and intact lipid biomarkers, from cyclic GDGTs and
crenarchaeol to acyclic GDGT-0 and archaeal diethers (archaeol and
hydroxyarchaeol). Archaeal IPLs increase in concentrations 30-fold to up to
~22ngg " in the less oxidized zone, while archaeal core lipids remain at
<3ngg ' throughout the serpentinite mud, indicating in-situ IPL produc-
tion and heightened archaeal activity (Fig. 3¢c). Core and IPL inventories
differ from each other in serpentinite mud, in higher diether/(diether
+tetraether) lipid ratios for core lipids and point to, compositionally and
temporally distinct archaeal populations, where core lipids are representa-
tive of past archaeal communities (Fig. 3d). Archaeol is produced by most
archaea, including methanogens and methanotrophs, and is commonly
reported from serpentinization-influenced marine®™' and terrestrial**
sites, establishing it as a proxy for methanogenic organisms*. Hydro-
xyarchaeol synthesis is specific among methane-cycling archaea” and is
typically attributed to methanotrophic archaea in environmental samples
due to its strongly “C-depleted signature®. Among methanotrophic
archaea, ANME-1 are known to produce glycosidic tetraethers and minor
amounts of glycosidic diethers”~', making them plausible sources of both
GDGTs and diether lipids observed in the serpentinite mud. A lack of cyclic
GDGTs, typically associated with ANME-1"*"", is striking and instead
suggests methanogens as the source of GDGT-0 as they exclusively produce
acyclic tetraethers™. Further details on the archaeal lipid distribution in the
Pacman core are described in Supplementary Text 1.2.

Bacterial lipid distributions also shift downcore (Fig. 4). Phospho- and
amino ester lipids are replaced by ether analogs, accompanied by an increase
in sugar-based diether lipids (1G-DEG). Both core and intact DEGs exhibit
increasing chain lengths and unsaturation with depth (Fig. 5, Supplemen-
tary Text 1.2). Core and intact DEG concentrations increase downcore from

8- and 3-fold respectively (from <2 ng g~' to ~17 ng g~ for core DEGs and
~6ngg ' for 1G-DEGs), reflecting in-situ sources. The synthesis of DEGs is
typically understood as a membrane adaptation to environmental stress™ or
high temperatures™, but when detected in AOM environments*’ and
serpentinization-related sites”**** the occurrence of these lipids with
diagnostic §"°C values has been linked to the presence of SRB***'. In our
study, peak DEG concentrations observed at 100-120 cmbsf likely corre-
spond to a zone of increased microbial activity of extremophilic bacteria,
influenced by upward diffusion of reduced components into an oxyge-
nated zone.

In addition to bacterial diether lipids, we also detected membrane-
spanning branched GDGTs (Fig. 6, Supplementary Fig. 4), a class of non-
isoprenoid tetraethers with a glycerol backbone and alkyl chains featuring
methyl branching and cyclopentane moieties typically found in soil
bacteria®™. The deeper parts of the oxidized serpentinite mud (100-120
cmbsf) and the less oxidized serpentinite mud, exclusively show elevated
concentrations (up to 5 ng ") of di-cycloalkylated branched GDGTs (Ic, Ilc,
IIIc), as well an additional presence of Overly Branched-GDGT IV (OB-
GDGT-IV) and Sparsely Branched-GDGTs (SB-GDGT II and IV; Fig. 6a).
A ~12-fold increase in concentration of these branched GDGTs relative to
the pelagic sediments implies production of these lipids within the ser-
pentinite mud by unidentified extremophilic bacteria (Fig. 6b).

Fate of methane in serpentinite mud: Evidence for
methanotrophy

Ascending fluids at the Mariana forearc are enriched in CH, ' However,
not all of this CH, escapes unaltered; some may be available for microbial
consumption, leaving behind biochemical and isotopic signatures of
methanotrophy. Measured §"°C compositions of CH, from mud volcanoes
range from —37%o to 2%o'". The bulk §”Croc isotopic signatures we
measured in pelagic sediments and serpentinite mud decrease downcore
from —20%o to —31%o, closely mirroring the §”C trends observed in lipids
and reflecting shifts in microbial carbon assimilation pathways (Fig. 7a,
Supplementary Tables 2, 3). Likewise, the combined §"C values of the core
and intact lipid biomarkers show pronounced downcore shifts (Fig. 7a,
Supplementary Tables 2, 3). Values for lipids in the less oxidized serpentinite
mud drop to below —100%o, with values for hydroxyarchaeol of
—106 + 1%o, archaeol of —87%o, and GDGT-0-derived biphytane-0 of
—104%o at the core bottom. Such isotopic signatures can only be explained
by the presence of methanotrophic communities and match previously
reported §"°C values from ANME-1 and ANME-2/—3 communities living
in cold seep environments*** (Fig. 7b). However, characteristic ANME-1
biomarkers, such as cyclic GDGT-1, —2, and —3°*"", or even GDGT-4 in
thermophilic ANME-17 were not detected in the serpentinite mud. Since
the absence of these cyclic GDGTs is unexpected for a methanotrophic
archaea, we suggest the preferential production of acyclic GDGTs by
ANME-1 to be a response to environmental factors like pH, redox, and
energy limitations (see below).

The presence of the ANME-1 community in less oxidized serpentinite
mud suggests that elevated concentrations of DEGs originate from the
sulfate-reducing partner bacteria in AOM. The detection of SRB-associated
biomarkers suggests that microbial sulfate reduction may occur at a slow
rate, which could explain the observed downcore depletion in pore water
SO, concentrations (Fig. 2). Previous studies at the South Chamorro
serpentinite mud volcano, assigned the depletion of SO,*~ concentrations to
microbial sulfate reduction under energy-limited, near-equilibrium condi-
tions at =30 m below the seafloor'®”. Lipid biomarker investigations at
South Chamorro determined the observed sulfate reduction to be enig-
matically carried out solely by methanotrophic archaea involved in AOM,
without having found the common phospholipid fatty acids of SRB'**. Our
data confirms the absence of substantial amounts of fatty acid-based polar
lipids and instead shows shifts in bacterial membrane compositions from
ester to ether lipids. This highlights that fatty acid-based approaches do not
provide a holistic picture of microbial communities in such environments.
The C-depletion in DEGs in the deepest sample (§"°C of —74 + 7%o to
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Fig. 3 | Downcore archaeal lipid biomarker distribution for core GeoB24917-1
(Pacman mud volcano). Relative abundances of various archaeal core (C-) lipids (a)
and archaeal IPLs (b) detected in pelagic sediments and serpentinite mud. We
observe a shift from dominantly marine water column and marine detrital lipid
biomarkers in pelagic sediments to a mixed methanotrophic and methanogenic
signal in serpentinite mud. GDDs transition from a mixed (GDD-1, —2, -cre-
narchaeol) to an acyclic form (GDD-0) further suggesting a preferential production
of acyclic GDGTs in the serpentinite mud. ¢ Absolute concentrations of archaeal

core lipids (dashed grey line; grey bullets) and IPLs (solid black line; filled black
triangles) showing increase in archaeal IPL concentrations within less oxidized, i.e.,
dark blue, serpentinite mud. d Ratio of diether lipids (AR + OH-AR) to diether
lipids + tetraether lipids (GDGTs) for core (dashed grey line; grey bullets) and intact
polar lipids (solid black line; filled black triangles) suggesting an increase in abun-
dance of core diether lipids in the less oxidized serpentinite mud. AR archaeol, cmbsf
cm below seafloor, Cren crenarchaeol, GDD glycerol dialkyl diether, GDGT glycerol
dialkyl glycerol tetraether, IPL intact polar lipid, OH-AR hydroxyarchaeol.

—57%o; Fig. 7a) underlines the presence of SRB involved in AOM %%, We
assign the C-depletion in DEGs to lithotrophic sulfate reduction in a
system open to resupply of DIC®. This complies with the high >-CO,
concentrations measured in fluids, with §*Cpyc of —22.1%o to —3.8%o from
neighboring mud volcanoes'®. Given the known carbon isotopic fractio-
nation between substrate and lipids for lithotrophic sulfate reduction®, the
measured §”C of DEGs is ~10%o lighter than the expected range of
—64 + 3%o to —47 * 2%o based on reported 8" Cpyc values (Supplementary

Table 4). The DEGs at 140-160 cmbsf show a §"°C range of —59 + 5%o to
—38%o (Fig. 7a), well within the expected range for lithotrophic sulfate
reduction. This suggests that SRBs at ANME-dominated depth (160-165
cmbsf) likely utilize an additional isotopically depleted carbon source
alongside DIC.

A previous study” identified sulfate reduction transcripts in serpenti-
nite mud, but proposed that AOM in the mud volcanoes is primarily cou-
pled to denitrification. Denitrifying AOM can occur via consortia of nitrate-
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Fig. 4 | Downcore bacterial lipid distributions for

core GeoB24917-1 (Pacman mud volcano). 0
a Relative abundances of various bacterial IPLs, as
based on their structural linkages. Note the dom-
inance of ether lipids within serpentinite mud.

b Relative abundances of various bacterial IPLs 20
based on their head groups. Glycosidic lipids dom-
inate within serpentinite mud. ¢ Absolute con-
centrations of bacterial IPLs showing an increase in
bacterial IPL concentrations within serpentinite
mud. cmbsf cm below seafloor, DEG diethergly-
cerol, IPL intact polar lipid.
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reducing ANME-2d archaea or ANME-2d archaea paired with anammox
bacteria™™®, and are typically found in freshwater environments and have
not been observed in consortia with SRB®. We cannot entirely exclude this
scenario, but it seems unlikely. Despite the higher energy yields of nitrite/
nitrate-dependent AOM compared with sulfate-dependent AOM®, deni-
trifying AOM is uncommon in subseafloor environments. Nitrate and nitrite
are rapidly depleted in water column and their concentrations continue to
decrease within the sediments”, and are not expected to be abundant in
serpentinizing fluids. Moreover, computing Gibbs free energies (A,G) at in-
situ conditions (2 °C, 300 bar, pH 10) demonstrates that autotrophic sulfate
reduction is feasible, with a A,G of —179.3 k] mol” (Supplementary Table 4),
and when coupled with AOM, is an exergonic catabolic pathway
(—66.6 k] mol™"). Based on the observed coupling of isotopically depleted
diagnostic SRB markers with an ANME-1 signal and the high energy yields
of sulfate reduction, we conclude that sulfate-dependent AOM is the most
likely scenario within the serpentinite mud.

Molecular traces of relict methanogenesis in serpentinite mud

The "C-depleted signature typical of ANME lipids is less pronounced at
140-160 cmbsf (Fig. 7a), where biphytane-0, archaeol, and hydroxyarchaeol
exhibit §"°C values of —73 +3%o, —65+ 1%o, and —92%o, respectively
(Supplementary Table 3). The “C-depleted hydroxyarchaeol suggests an
ANME origin, but the relative ’C-enrichment in archaeol, and especially
biphytane-0 indicate contributions from other sources, potentially hetero-
trophic archaeal communities. Assuming heterotrophy-associated §"C
composition for biphytanes-0 (—26%o; 0-10 cmbsf) and archaeol

(—29.4%0™), ~40% of the biphytane-0 and 38% of archaeol needed to be
derived from the heterotrophic archaea to explain the observed mixed
isotopic signal. However, the low TOC contents in the serpentinite mud and
archaeol abundances of <3% in the overlying sediments make this scenario
appear unlikely, although possible admixes from these sources cannot be
ruled out. Alternatively, the heavier isotope signals at 140-160 cmbsf reflects
input from chemoautotrophic communities such as methanogenic archaea,
known to produce structurally similar lipids (e.g., ***°). The presence of
methanogenic archaea in the sulfate-reduction zone, however, would be
unusual as SRB typically outcompete methanogens for H, consumption,
given the higher energy yield of sulfate reduction over CO, reduction®.
Despite this, such coexistence has been observed in the Lost City carbonate
chimneys and Chimaera seeps where H, supply (up to 15 mM’’) may
support their co-occurrence*™. At Lost City, SRB might be utilizing abio-
genic formate, while methanogenic archaea engage in autotrophic
methanogenesis”. However, under high H, and CO, conditions, formate-
based sulfate reduction is unlikely, as elevated H, inhibits hydrogenase
enzyme activity and thermodynamically shifts formate disproportionation
toward formate production, suppressing its consumption*”’. We therefore
conclude that this co-occurrence is only conceivable if methanogenic
archaea utilize alternative substrates such as formate, acetate, methanol or
non-competitive substrates such as methylated amines, given the relatively
low H, concentrations (<1 mM*’) compared to the Lost City hydrothermal
fluids'>".

To assess potential methanogenic contributions diluting ANME-
derived lipid &6“C signals, we applied an isotope mass balance
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Fig. 5 | Downcore bacterial diether lipid structural
variations for core GeoB24917-1 (Pacman mud
volcano). Relative abundances of bacterial C-DEGs
show increased chain length (a) and (b) increased
degrees of unsaturation as well increased C-DEG
concentrations within serpentinite mud. Trends in
relative abundances of bacterial 1G-DEGs, exhibit-
ing increases in chain length (c) and (d) increases in
degree of unsaturation, as well as increases in 1G-
DEG concentrations within serpentinite mud. cmbsf
cm below seafloor, DEG dietherglycerol.
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(Supplementary Methods 2.1, Egs. 1, 2), estimating 8"°C ranges using
known fractionation patterns’ and calculating the minimum and max-
imum methanogenic inputs needed to explain the mixed values (Supple-
mentary Fig. 5, Data 7). Methanogenic archaea are known to exhibit a broad
8BC range due to their use of diverse carbon substrates (CO,, acetate,
methylated compounds), each with distinct isotopic signatures™”. Our
results suggest that hydrogenotrophic (at high H,), acetoclastic, and
methanol-dependent methanogenesis best account for this dilution due to
their modest carbon isotopic fractionation*; with methanogenic archaea
contributing 26-41% of archaeol (excluding high methanol condition),
13-22% of hydroxyarchaeol, and 34% of biphytane-0 (only acetoclastic
methanogenesis) at 140-160 cmbsf. Although A,G for each pathway is
exergonic at in-situ conditions (Supplementary Data 7), methanol-
dependent methanogenesis is the most energetically favorable pathway
(—2483kmol "), followed by hydrogenotrophic methanogenesis
(—112.8kJ mol™") whereas acetoclastic methanogenesis (—24.9 k] mol™)
barely surpasses the minimum biological energy quantum’. Likewise, the
modest carbon isotopic fractionation associated with methylotrophic
methanogenesis (trimethylamine; under limited abundance)™ could con-
tribute to isotopic dilution in the serpentinite mud. However, this pathway is
unlikely to proceed in biomass poor mud volcanoes, where methylated
substrates typically require sufficient organic precursors’””". Formate-
dependent methanogenesis is suggested as an adaptive metabolic pathway
in high pH and DIC limited environments™", where the high

concentrations of abiotically produced formate in the ascending mud vol-
cano fluids come with notable energy yields (—90 k] mol ) for this pathway.
Genomic markers™* and knowledge of isotopic fractionation during
formate-dependent methanogenesis are required to test if this metabolic
pathway is favorable in serpentinite mud volcanoes.

Regardless of the specific substrate utilization pathways, the co-
occurrence of methanogenic archaea and SRB at the Mariana forearc
requires an alternative substrate for methanogenic archaea to remain
competitive. In marine sediments, the methanogenic zone typically
underlies the zone of coupled sulfate-reduction and methane oxidation®**”.
We propose that a formerly active group of methanogenic archaea is
responsible for the observed heavier isotope signal for biphytane-0, archaeol
and hydroxyarchaeol. This is supported by shifts in core diether lipid
abundances in serpentinite mud, where the ratio of diether/(diether + tet-
raether) for core archaeal lipids is ~1.8 times greater than that of archaeal
IPLs (Fig. 3d). But core lipid concentrations alone are insufficient to account
for this dilution, suggesting additional input from the IPL pool. Considering
the slow degradation rates of glycosidic ether lipids in marine sediments™, a
considerable fraction of the IPLs could also carry a relict isotope signal of a
now inactive community.

Hydrogenotrophic methanogenesis is common in serpentinization
systems'***”, and the detection of [NiFe]-hydrogenase genes indicates that
this metabolic strategy is also used in the serpentinite mud volcanoes of the
Mariana forearc™. The "“C-enriched values for archaeol and
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Fig. 6 | Downcore variations of bacterial branched
GDGTs for core GeoB24917-1 (Pacman mud
volcano). a Relative abundances of branched
GDGTs, showing a shift from dominantly acyclic
and monocyclic branched GDGTs with variable
methyl groups in pelagic sediments to a dominance
of branched GDGTs with two cyclopentane rings
and variable methyl groups in serpentinite mud.

b Absolute concentrations of branched GDGTs
(solid black line; filled black triangles), displaying
increased abundances within serpentinite
mud.cmbsf cm below seafloor, GDGT glycerol dia-
lkyl glycerol tetraether, OB overly branched, SB
sparsely branched.
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hydroxyarchaeol (—27%o and —26%, respectively) at Subetbia mud vol-
cano provide additional evidence for hydrogenotrophic methanogenesis
(Fig. 8). These values align with expected §"°C values for hydrogenotrophic
methanogenesis under high H, conditions (Fig. 8b). At 260-272 cmbsf in
this core from Subetbia, archaeal diethers, both core and IPLs constitute
~99% of the total archaeal lipid pool (Supplementary Fig. 6). A near absence
of GDGTs (<1% of the total archaeal lipid pool) at this depth suggests
minimal overprinting by AOM, preserving a pristine methanogenic bio-
marker signal within serpentinite mud. Moreover, the combination of
C-enriched diether lipids with similar core and intact archaeal lipid con-
centrations (0.9 ng g~' each) supports the presence of an unmasked relict
signal of hydrogenotrophic methanogenesis at Subetbia. Additional details
on archaeal and bacterial biomarker zonation in the Subetbia core are
provided in Supplementary Text 1.3 and Supplementary Figs. 6,7.
Notably, the §°°C of archaeal diether lipids at Subetbia mud volcano
and the calculated §"C range for methanogenic lipids at Pacman are more
PC-depleted than those from other serpentinization sites'” (Fig. 8a). Ata
measured pH of ~10 in the serpentinite mud, a substantial portion of DIC
remains available for microbial uptake (Supplementary Fig. 8). Cool ser-
pentinization fluids are usually DIC depleted because calcium carbonate
precipitates under hyperalkaline conditions'***. At Lost City and Chimaera,
the unusual “C-enrichment of methanogenic archaeal lipids is attributed to
carbon limitation***, which leads to minimal isotopic discrimination®”*
and "C-enriched diether lipids (Fig. 8a). At the Mariana forearc, however, a
substantial amount of carbon is delivered to and subducted at the Mariana
trench®**, which is mobilized from the slab”” and transported back to the
seafloor through mud volcanism'”**. As these fluids ascend, most DIC is

reduced to CH,", but considerable amounts of DIC (up to 40 mM'”**) may
persist. The mud volcano fluids hence, show DIC concentrations con-
siderably higher than what has been measured at Lost City (up to 26 uM).
Therefore, carbon limitation is unlikely to constrain the subseafloor bio-
sphere in the Mariana forearc. Moreover, low cell counts in the serpentinite
mud'**** suggest minimal competition for substrates, indicating that these
microbial communities are constrained by high pH, nutrient limitation, and
fluctuating substrate availability rather than carbon availability. This likely
enables microbial communities to discriminate between "°C and "C, as
evidenced by the comparably depleted archaeal diethers in the mud vol-
canoes compared to other serpentinization ecosystems.

Although much of the CH, in the Mariana forearc is produced abio-
tically, this study provides biomarker evidence for localized biogenic CH,
production, consistent with light 8°Ccpz4 (—80%o) at the South Chamorro'”.
Our biomarker data from Pacman suggest a transition from a relict
methanogenic community to a later AOM-dominated community within
the brucite and iowaite bearing-serpentinite mud, reflecting shifts in com-
munity composition driven by transients in substrate availability that relates
to episodic ascent of serpentinization fluids. We hypothesize that hydro-
genotrophic methanogenic archaea thrive in H,-rich serpentinization fluids
but when H, concentrations decrease, sulfate-reducing bacteria take over®®
(Fig. 9). This biological regime shift may be explained by the geochemical
changes that accompany the upward migration of serpentinite mud. We
propose that the upward migration of serpentinite mud through the forearc
crust exposes it to increasing seawater-derived SO, establishing a redox
gradient that favors sulfate-dependent AOM over methanogenesis. This
transition establishes a redox gradient in which sulfate-dependent AOM
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Fig. 7 | Compound-specific §'*C compositions of diagnostic lipid classes.

Compound-specific §*C compositions of various diether and tetraether lipids from
a Pacman mud volcano (yellow shaded boxes) compared to isotopic compositions
observed in various b environmental and lab cultures (grey shaded boxes), as well as
§"*C values for DIC, CH,, TOC, and substrates. Error bars in (a) show the maximum
and minimum deviation from the mean §**C values for individual compounds based

Tetraethers

on replicate measurements for each sample. Error bars for §'*C ranges of DEG
compound classes represent the deviation from the mean §'*C maxima and minima
for the given range. All §C values and respective errors are reported in %o relative to
the V-PDB standard. ANME anaerobic methanotrophic archaea, AR archaeol,
cmbsf cm below seafloor, Cren crenarchaeol, DIC dissolved inorganic carbon, OH-
AR hydroxyarchaeol, TOC total organic carbon, V-PDB Vienna-Pee Dee Belemnite.

becomes thermodynamically more favorable than methanogenesis, creating
an ecological advantage for methane-oxidizing communities. Thus, the
overprinting of methanogenic lipid signatures by AOM-associated com-
pounds likely reflects a depth-dependent reorganization of microbial
metabolism in response to progressive oxidation of the system during mud
ascent.

Microbial adaptations to high alkalinity and nutrient limitation
For microbial life to adapt to alkaline and reducing conditions and nutrient
scarcity in serpentinization systems, its cell membrane is the first line of
defense. Membrane lipid remodeling by modifying IPL compositions pre-
serves integrity and function””". In the microbial communities of Mariana
mud volcanoes, increased transcripts that are linked to membrane main-
tenance emphasize the significance of this strategy™.

Replacing ester lipids with ether lipids seems to be a common strategy
among extremophilic bacteria’™”. At Pacman, the shift from ester- to ether-
based IPLs in serpentinite mud with changing geochemistry allows extre-
mophilic communities to thrive, possibly reducing membrane repair
needs®, adapting to energy deprivation™, anoxia™, redox”* and/or high pH”".

Furthermore, the preference for ether-based glycolipids (1G-, 2G-DEG)
over ester/ether-based phospholipids suggests adaptation to phosphate
limitation™, as alkaline fluids prevent Ca-phosphate leaching™. Available
phosphate is likely scavenged by brucite”, which is abundant in serpentinite
mud”. Preferential glycolipid production may help counteract high ion
gradients™, as their hydroxyl-rich headgroups allow dense membrane
packing facilitated by hydrogen bonding, preventing water-mediated
swelling under ionic stress”. These adaptations likely enable bacteria to
maintain membrane stability and function.

A preferential synthesis of additional sugar groups (2G-AR, 2G-
GDGT-0) among membranes of ANME-1 archaea may indicate adaptation
to nutrient and energy stress™'”. A direct link to phosphate availability has
not been shown in cultures, but preferential 2G-GDGT production has been
associated with energy limitations and dormancy'”', suggesting substrate
exhaustion in serpentinite mud pore waters. However, abundant H, and
CH, in Mariana mud volcano fluids'”*’ in connection with low cell counts
imply that these microbial communities are rather challenged by factors
other than substrate availability, such as high pH. GDGT production likely
enhances membrane stability by reducing permeability”, a crucial
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isotopic composition of archaeal diethers detected in core GeoB24930-1 at Subetbia
mud volcano (yellow shaded box). All §”°C values are reported in %o relative to the
V-PDB standard. ANME anaerobic methanotrophic archaea, AR archaeol, cmbsf
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total organic carbon, V-PDB Vienna-Pee Dee Belemnite.

adaptation for extreme acidophiles and alkaliphiles'’>'””. The tolerance of
ANME-1 archaea to high salinity'* may also favor their presence in such an
alkaline environment. The exclusive production of GDGT-0 may reflect a
unique response to high pH through reduced cyclization, although other
factors like temperature and reducing conditions also play a role™'*'®.
We observed an increased chain unsaturation in archaeal and bacterial
membrane lipids within the serpentinite mud (Figs. 3, 5, Supplementary
Figs. 9, 10, 11). In less oxidized sections, core and intact archaeol exhibit
unsaturation. Archaeol with up to six double bonds comprises ~13% of the
total core diether lipids. Unsaturated 1G-AR with up to five double bonds
are found throughout the serpentinite mud, constituting up to 5% of the

total archaeal IPL diethers. Chain unsaturation is common among
halo(alkali)philic'” and psychrotrophic archaea'”, helping maintain
membrane fluidity and reducing leakage under salinity and cold stress.
Similarly, bacteria increase unsaturation in DEGs, where unsaturated 1G-
DEGs (up to three unsaturations) range from 10-16% in oxidized and
27-98% in less oxidized mud (where also up to four unsaturations were
found) (Fig. 5). Similarly, unsaturated core DEGs (up to four unsaturations)
dominate the total core DEG pool (53-58%) in the less oxidized serpentinite
mud. This increase in unsaturation is accompanied by an increase in chain
length, despite the fact that unsaturated shorter chains are typically favored
in cold environments™. In a highly alkaline and cold environment, however,
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longer unsaturated bacterial diether lipids synthesis may reflect a com-
pensatory mechanism where longer diether chain length reduces membrane
permeability to prevent disruptive hydroxyl ion flux and increase mem-
brane stability, as observed among archaea'”'"”. Unsaturated diether lipids
have been reported in methanogenic archaea from serpentinite-hosted
seeps™’, but appear to be absent in alkaline systems venting at higher
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temperatures'>”. This suggests that lipid unsaturation likely reflects an
adaptation to environments where alkaline fluids remain cool.

Tetraether lipids are key membrane adaptations in archaea under high
ion strength environments'”. Similarly, branched GDGTs can enhance
bacterial membrane stability'"’. The latter have been described from diverse
terrestrial and marine environments*>*>"""'"*. Their high concentrations in
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Fig. 9 | Schematic of microbial succession and biogeochemical processes in ser-
pentinite mud at the Mariana forearc. This schematic depicts lipid biomarker
transitions from pelagic sediment communities to extremophiles adapted to high pH
and redox conditions in serpentinite mud. The Mariana forearc biosphere is fueled
by alkaline serpentinization fluids enriched in H,, CHy4, DIC, and organic acids,
sustaining specialized microbial communities. Lipid and stable carbon isotope data
reveal a shift from relict methanogenic archaea, likely engaged in hydrogenotrophic
methanogenesis, to a later ANME-SRB community mediating anaerobic oxidation
of methane (AOM). Changes in substrate availability likely drove this transition.

Distinct lipid signatures, including unsaturated diethers, acyclic GDGTs, and ether-
based glycolipids, highlight adaptations to pH stress, phosphate limitation, and
fluctuating redox conditions. The presence of in-situ branched GDGT' suggests
previously uncharacterized bacterial communities persisting in these ultra-
oligotrophic conditions. The Mariana forearc serpentinite biosphere, shaped by
episodic fluid flow and substrate shifts, provides insights into deep-sea subsurface
habitability. DIC = dissolved inorganic carbon, ANME anaerobic methanotrophic
archaea, SRB sulfate-reducing bacteria, AOM anaerobic oxidation of methane,
GDGT glycerol dialkyl glycerol tetraether.

the less oxidized sections suggest in-situ production by unknown alkali-
philic bacteria. Increased cyclization may help bacteria adapt to high pH'*"
* while elevated concentrations downcore could indicate responses to
anoxic and reducing conditions'”, at which these bacterial ether-based
lipids offer a low oxidation state of carbon™. Additionally, methyl groups
may also mitigate cold stress by maintaining membrane fluidity”*'”’. These
lipids, once seen as soil proxies™, now stand as a testament to bacterial
ingenuity, showcasing their critical role in membrane adaptation to extre-
mophilic niches. These results reshape our understanding of biomarkers for
life’s adaptation and evolution in harsh environments.

Summary & conclusions

Our findings provide foundational understanding of the subsurface
serpentinite-hosted biosphere in the Mariana forearc. The lipid biomarker
transitions from pelagic sediment into serpentinite mud highlight the resi-
lience of microbial communities, finely tuned to shifting geochemical gra-
dients, with extremophiles becoming dominant as conditions deviate from
pelagic sediment norms (Fig. 9). Unsaturation among diethers, dominance
of acyclic GDGTs, and ether-based glycolipids suggest an adaptive strategy
to stabilize membranes under alkaline and phosphate-limited, reducing and
energy-limited conditions. The in-situ production of distinct branched
GDGTs underscores the role of methyl branching and internal cyclization in
microbial adaptation within this environment. Our stable carbon isotope
data and biomarker distributions within the brucite and iowaite-bearing
serpentinite mud reveal a dynamic history of microbial activity, from early
(likely hydrogenotrophic) methanogenesis to subsequent sulfate-dependent
AOM (only at Pacman) and other extremophilic bacterial communities. Our
data suggest that diverse metabolic pathways in this system are shaped by
dynamic geochemical conditions, fluctuating redox states, and the avail-
ability of energy-rich substrates such as H, and CH,, allowing extremophilic
microorganisms to persist in a slow-turnover state.

Low cell counts and low biomass make DNA extractions in this habitat
challenging. Coupling of lipid biomarkers and carbon isotopes proves useful
in providing reliable insights into microbial processes in such ultra-
oligotrophic environments. The Mariana forearc hosts a sparsely populated,
yet extraordinary biosphere. Our findings just scratch the surface of this
habitable zone, where the cool nature of the hydrated mantle wedge and
abundant supply of electron donors and acceptors potentially enable this
biosphere to extend far beneath the seafloor, remaining within the thermal
limits of life'*"'*. The Mariana forearc biosphere emerges as a distinct
endmember among serpentinite-hosted ecosystems, differing in terms of
episodic substrate and carbon availability. Unraveling these dynamic
serpentinization-hosted habitats deepens our understanding of subsurface
habitability on Earth and provides valuable insights for exploring the
potential for life in the Solar System.

Methods

Sampling and sample preparation

Sediment cores were taken during R/V Sonne expedition $O292/2* in 2022
using a gravity corer equipped with a ~1400 kg weight stack. After retrieval
and opening of the cores, the sediment was sampled using steel spatulas
(thoroughly cleaned with ultrapure de-ionized water and methanol and
stored in 50 mL Falcon™ tubes at —20 °C. For further details on the sam-
pling protocol see Menapace et al.”*. After arrival of the cores at MARUM -
Center for Marine Environmental Sciences, University of Bremen, Germany,

they were stored at 4 °C. All IPL and core lipid quantitative analyses and
most of the compound-specific §°C analyses were conducted on frozen
cores. As not enough frozen sample material was available to conduct lipid
isotope analyses on all depths, additional sample material stored at 4 °C was
used (specifically for depth 140-160 cm). Chromatograms from gas chro-
matography and §"C values for the archaeal and bacterial ether lipids in
select samples extracted after 24 months of storage at 4 °C were identical to
those obtained from the frozen cores. This indicated that isotopic signals of
our target compounds remained stable during storage and were not altered
by potential post-sampling microbial alteration at 4 °C. There are several
factors that have likely kept any microbial activity in these cores at a bare
minimum, these include removal of pore waters during onboard sampling,
low TOC content of the serpentinite muds (<0.01 wt.%), and the strongly
redox-dependent nature of the in-situ microbial community, which is
unlikely to be reactivated under oxygenated storage conditions.

All samples were subjected to lyophilization (freeze-drying) for 24 h.
Subsequently, the samples were pulverized in a mill, ensuring that the
samples were well homogenized, enabling maximum surface area for fur-
ther analyses. Between milling of the individual samples, pulverized com-
busted industrial washed sea sand (from VWR Chemicals) was treated as a
procedural blank to check lab-borne contamination and to minimize cross-
contamination between the samples. Prior to milling of each blank and
sample, the milling cell was thoroughly cleaned with ultrapure de-ionized
water, methanol, and dichloromethane (DCM). To limit cross-
contamination between the individual blank-sample pairs, waste sand
blanks were milled in between each blank-sample pair. All sample pre-
paration was carried out in the Hinrichs Lab at MARUM.

Mineral characterization

To assess mineral assemblages in mud samples from our sediment cores,
powdered samples were subjected to X-ray diffraction (XRD) analyses for a
semi-quantitative assessment of the mineral composition within the mud
samples. Measurements were carried out at the Crystallography & Geo-
materials Research Group, Faculty of Geosciences, University of Bremen,
Germany using an X-ray diffractometer equipped with a Cu-tube (k(alpha)
1.541 A, 45kV, 40 mA) and a fixed divergence slit (¥4°20) all maintained at
approximately 25 °C. Peak identification and semi-quantification were
executed using the Philips software X’Pert HighscoreTM'’. XRD mea-
surements were carried out employing a standardized Philips/Panalytical
backloading system, which ensured a nearly random distribution of sample
particles during sample preparation. Measurements spanned from 3° to
65°20, with a calculated step size of 0.017°0 and a corresponding time per
step of 100 s.

To further refine the XRD data and assess the presence of hydrated
minerals such as brucite and iowaite, thermogravimetry analyses (TGA)
were carried out on the mud samples from cores GeoB24917-1 and
GeoB24930-1. Brucite can be detected and quantified at abundances as low
as 0.3%, offering greater sensitivity compared to XRD analyses'"®. Analyses
were carried out at the Woods Hole Oceanographic Institution, Woods
Hole (MA), US.A, using a Thermal Analysis (TA) Instruments SDT
Q600 simultaneous thermogravimetric analyzer. We used approximately
40-50 mg of finely ground (70 microns passing) samples, which were then
weighed into alumina crucibles and subjected to heating from room tem-
perature to 1105°C at a rate of 10°C min ', concurrently monitoring
changes in mass and heat flow. Nitrogen (N,) was utilized as the purge gas,
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ata flow rate of 50 mL min ™" to avoid oxidation of the samples. To minimize
errors in sample weighing during the heating process, empty crucibles were
measured as blank values simultaneously with each sample.

Pore water chemistry

Pore water sampling was carried out on sediment core whole-round sections
onboard R/V Sonne during expedition SO292/2%. The first meter of every
core was sampled at a 10 cm resolution, deeper in the cores pore water
samples were taken every 20 cm. We used rhizon samplers (5 cm length, 0.15
um porous polymer) attached to syringes to extract pore water from cores by
creating a vacuum (cf'"”.). Small holes were drilled in the core liners to insert
the rhizons into the sediments. The rhizons were soaked in distilled water
before use. Samples for anion concentrations measurements were stored in
2 mL air-tight Eppendorf vials at 4 °C until their post-cruise analyses.

Pore water chemistry was measured in the Sediment Geochemistry
laboratory at MARUM. Pore water SO,>~ concentrations were determined
by ion chromatography (Metrohm 861 Advanced Compact IC, Metrohm A
Supp 5 column, 0.8 mL min~", conductivity detection after chemical sup-
pression) in samples diluted 1:40 with Milli-Q-grade H,O. The detection
limit for SO,*~ was 0.5 pM, with a precision of <1%.

Carbon concentrations and stable isotope analyses

TOC and total carbon (TC) contents and stable carbon isotopes of TOC
(8"Croc) were determined in the Hinrichs Lab at MARUM using a
continuous-flow Thermo Finnigan Flash EA 2000 elemental analyzer
coupled to Delta V plus isotope ratio mass spectrometer (IRMS). Prior to
analysis, samples were subjected to overnight treatment with 10% (w/v)
hydrochloric acid (HCI) to eliminate carbonate mineralization'*’; upon
complete decarbonation, samples were rinsed to neutral pH using ultrapure
de-ionized water. The processed samples were freeze-dried, weighed
(30-40 mg), and then encapsulated in tin capsules (5 x 8 mm) for intro-
duction into the elemental analyzer. Replicate measurements were carried
out for each sample with a strict five-point calibration using an internal lab
standard. The carbon isotope values are reported in delta notation relative to
Vienna-Pee Dee Belemnite (V-PDB) standard. Five-point calibration was
achieved using an estuarine sediment with known TOC and §"*Cro¢ as lab
internal (4.6 wt.% TOC with 8" Croc of —24.1%o vs V-PDD). The standard
deviation of 8" Croc measured for the internal standard is 0.11 with an
accuracy of 0.98. The TOC detection limit on the EA is 20 pg of carbon per
tin capsule, equivalent to 0.05 wt.% in a 40 mg sample.

Lipid extraction, preparation of lipid fractions, and ether cleavage
A modified"”' Bligh and Dyer (B&D)'* extraction protocol was employed to
isolate all the polar compounds from the sample. All lipid extractions and
preparation of lipid fractions were carried out in the Hinrichs Lab at
MARUM. Approximately, 18-35 g of homogenized and pulverized freeze-
dried sample material was sonicated with an ultrasonic stick for 10 min in
subsequent three step B&D mixtures [2x methanol:DCM:PO, buffer
(2:1:0.8, v:v:v), 1x methano:DCM:TCA buffer solution (2:1:0.8, v:viv), 1x
DCM:methanol (3:1, v:v) (~ 30 mL each)] in a polytetrafluoroethylene
screw cap bottle. The B&D mixtures were made using phosphate (PO,)
buffer (8.7 g K,HPO, L™ ultrapure de-ionized water at pH 7.4) and TCA
(trichloroacetic acid) buffer (50 g TCA L ™" ultrapure de-ionized water at pH
2). Upon centrifugation, the supernatant was pooled in a separatory funnel,
to which equal amounts of DCM and ultrapure de-ionized water were added
and allowed to separate into an organic and an aqueous phase. The organic
phase was drawn into an Erlenmeyer flask, followed by three subsequent
washings of the aqueous phase with DCM. The collected organic phase was
finally washed thrice with ultrapure de-ionized water, collected in a
TurboVap® vial, and evaporated under a gentle stream of N, and con-
centrated in 4 mL vials. The total lipid extracts (TLEs) were stored in 4 mL
vials at —20°C until further analysis.

Before gas chromatography-mass spectrometry (GC-MS) analyses,
TLE aliquots were base-hydrolyzed using 6% methanolic potassium
hydroxide (KOH) at 80°C for 3h to separate neutral lipid fractions

(alcohols) and fatty acid fractions (fatty acid salts) (Supplementary Meth-
ods 2.2, Supplementary Fig. 12a). Prior to injection into the GC-MS, alco-
hols were derivatized with N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) in pyridine at 70 °C for 1 h (Supplementary Methods 2.2, Sup-
plementary Fig. 12b), and fatty acids were methylated with 20% boron
trifluoride (BF;) in methanol at 70 °C for 1h, forming fatty acid methyl
esters (FAMEs) (Supplementary Methods 2.2, Supplementary Fig. 12c).
High molecular weight ether lipids, including GDGTs, underwent ether
cleavage through acid-catalyzed nucleophilic substitution using 1.0 M
boron tribromide (BBr3) in DCM under a steady N, stream at 60 °C for 2 h.
The resulting bromoalkanes were subsequently reduced to hydrocarbons by
reacting with 1 mL of Super-Hydride solution (1.0 M lithium triethylbor-
ohydride in tetrahydrofuran (THF) under a N, stream at 60 °C for 2h
(Supplementary Methods 2.2, Supplementary Fig. 12d).

High-performance Liquid Chromatography-Mass Spectrometry
(HPLC-MS)

The samples, along with their respective sand blanks, were analyzed to
identify microbial membrane lipids using HPLC-MS. Untreated TLE aliquots
underwent screening for various archaeal and bacterial IPLs and core lipids
through a full scan mode of a Dionex Ultimate 3000 UHPLC instrument
coupled to a Bruker MaXis ultra-high resolution quadrupole time-of-flight
mass spectrometer (UHR-QTOF-MS) at Hinrichs Lab at MARUM. Archaeal
core lipids, archaeal tetraether IPLs, and bacterial core non-isoprenoid di- and
tetraether lipids were detected and quantified using modified Reverse Phase-
Electrospray Ionization-MS (RP-ESI-MS); whereas, bacterial IPLs and
archaeal intact diether lipids were detected using Hydrophilic Interaction
liquid Chromatography coupled with ESI-MS (HILIC-ESI-MS); the details of
which are listed in Supplementary Table 5. The HILIC-ESI-MS method was
more sensitive than RP-ESI-MS for detecting archaeal IPLs, however, only
RP-ESI-MS method separates tetraether rings. The MS was set to positive ion
mode with a mass-to-charge ratio (1/z) range of 500-2000.

The HPLC-MS data was analyzed with Data Analysis 4.4 (Bruker
Daltonics, Bremen, Germany). MS2 fragments were created using data-
dependent mode. Compounds were identified according to their exact
masses in the MS1 as well as their retention times and fragmentation pat-
terns when available. Bacterial origin DEG peaks were identified using their
exact m/z, retention time, and diagnostic MS2 spectra (Supplementary
Methods 2.3). Each spectrum was calibrated with a lock mass (m/z
922.0098), achieving a final mass accuracy below 1 ppm. For quantification,
an external calibration (Supplementary Figs. 13, 14) was achieved with
commercially available standards (PE-DAG C32:0, PG-DAG C32:0, PME-
DAG C32:0, PDME-DAG C32:0, DGTS-DAG C32:0, PC-DEG C32:0, 1G-
DAG C32:1, 1G-AR, 2G-AR, 1G-GDGT-0, C-GDGT-0, C-AR and C-DEG
C32:0). For compounds lacking an available standard, slopes were assigned
based on structural similarity to existing standards. A summary of slope
assignments for the detected compound classes can be found in Supple-
mentary Table 6. To account for potential lab-based contamination, the peak
areas of compound of interest were corrected by subtracting the corre-
sponding peak areas if observed in blanks. Quantification was carried out
utilizing equations (3), (4) and (5) mentioned in Supplementary Meth-
ods 2.4. As a preventive measure, each sand blank’s TLE was analyzed before
its corresponding sample TLE to prevent potential cross-contamination.
Additionally, regular analytical blanks, involving the injection of methanol
only, were analyzed to identify any potential instrument-related con-
tamination during measurements.

Gas Chromatography-Mass Spectrometry (GC-MS)

All GC-MS analyses were carried out in the Hinrichs Lab at MARUM.
Compounds in the alcohol and ether-cleaved fractions were identified using
an Agilent 7890 gas chromatograph fitted with a programmable tempera-
ture vaporizing (PTV) injector operated in splitless mode and equipped with
a Varian CPSil-5 fused silica capillary column (60 m length, 0.32 mm inner
diameter, and 0.25 pm film thickness), coupled to an Agilent 5975 C mass-
selective detector. Due to sample limitations, only ether-cleaved fractions
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and specific standards for compounds of interest were analyzed on GC-MS
to verify retention times. The column temperature was initially set to 60 °C
with a constant flow rate of 2.5 mL min ", then ramped at a rate of 10 °C
min~" to reach 100 °C, followed by a temperature gradient of 4 °C min™" to
320 °C, where it was held constant for 20 min.

Gas Chromatography Isotope Ratio Mass Spectrometry

Stable carbon isotopic compositions of selected lipids were analyzed in the
Hinrichs Lab at MARUM using a Thermo TraceGC gas chromatograph with
a PTV injector, paired with an Agilent J&kW DB-1 fused silica capillary
column (60 m length, 0.32 mm inner diameter, and 0.25 um film thickness)
connected to a ThermoFinnigan Deltaplus XL isotope ratio mass spectro-
meter via a combustion interface set to 850°C. A temperature program
similar to that of the GC-MS analyses was employed. The samples were
hand-injected due to low sample volume. Carbon isotope ratios were mea-
sured against an external CO, standard, regularly calibrated with a reference
n-alkane standard mixture. Isotopic values were corrected by mass balance to
account for carbon introduced by trimethylsilyl or methyl derivatives where
applicable utilizing equation (6) stated in Supplementary Methods 2.5. The
compound-specific carbon isotopic values are reported in the delta notation
as 8"C relative to the Vienna Pee Dee Belemnite (V-PDB) standard.

Thermodynamic calculations
Gibbs free energy yields (AGr) were calculated for various methanogenic
and non-methanogenic microbial metabolic pathways using the equation:

A,G=AG (rp) T RTInQ, (1)

Where A,G° (1,5, denotes standard Gibbs free energy of the given reaction, R
is the gas constant and T is the temperature in Kelvin. Q, represents the
activity product of the reaction r, which accounts for the chemical com-
position of the fluid, which is expressed as:

Q, =Ha"" ()

Where g; is the activity of species i, which accounts for the effective con-
centration of species in a non-ideal system, and v;, is the reaction
stoichiometric coefficient of species i, representing the moles of species
participating in the reaction r. Values for A,G’ (1, were calculated at an
assumed in-situ temperature of 2 °C'*, calculated in-situ pressure of 300
bars based on hydrostatic pressure assuming a seawater density of
1013 g cm ™ using SUPCRT92'** at an in-situ pH of 10. The activities for
aqueous species in the assumed fluid composition are listed in
Supplementary Table 7, which were computed using the REACT module
of Geochemist’s Workbench® using a 250-bar database assembled using
SUPCRT92'*.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data used in this study is available in supplementary files and/or is
accessible at https://doi.org/10.5281/zenodo.16536583 and https://doi.org/
10.5281/zenodo.16562890.
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