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ARTICLE INFO ABSTRACT

Associate editor: Elizabeth Canuel Carbon mobilization in hydrothermal sediments and advective transport of dissolved organic matter (DOM) to
the ocean affect deep-sea ecosystems. However, the link between hydrothermal processes and DOM reactivity in
organic-rich subsurface sediments, and the impact of DOM release on the marine carbon cycle remain poorly
understood. The Guaymas Basin (Gulf of California), with its organic-rich sediments, hydrothermal vent sites,
and magmatic sill intrusions is an ideal candidate for studying the hydrothermal influences on DOM biogeo-
chemistry. We analyzed sediment and porewater samples from IODP Expedition 385 from down to ~330 m
below seafloor and used hot-water Soxhlet extractions as a first-order approximation for simulating hydro-
thermal DOM mobilization. We assessed the molecular composition of solid-phase extractable (SPE) DOM via
ultrahigh-resolution mass spectrometry (FT-ICR-MS) and quantified dissolved organic sulfur, nitrogen, and
phosphorus (DOSspg, DONgpg, DOPgpr). We identified several biogeochemical processes transforming DOM:
active microbial transformations in the upper sediments were related to enhanced DOM oxygenation, and
elevated DONgpg and DOPgpg, concentrations. Highly aromatic, probably recalcitrant DOM, accumulated under
anoxic conditions in intermediate depths. Here, DOSgpg concentrations were highest, probably due to abiotic
sulfide incorporation into DOM. Hydrothermal alteration near magmatic sills reduced DOM molecular diversity
and caused a significant shift in the chemical composition of deep subsurface sediments influenced by high
temperatures. Our data indicated that hydrothermal sediments release DOM, including DOSgpg, DONgpg and
DOPspg, to the ocean. Hence, hydrothermal discharge may not only sustain local benthic ecosystems by providing
bioavailable DOM but also likely influences the deep-sea carbon pool by introducing recalcitrant DOM.
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1. Introduction The Guaymas Basin is a hydrothermal system with extensive thermal

gradients and organic-rich sediments that can be sampled with sufficient

Dissolved organic matter (DOM) is a ubiquitous complex organic
mixture in aquatic ecosystems (Dittmar et al., 2021). Hydrothermal
alteration contributes bioavailable (Hansen et al., 2019), and recalci-
trant DOM to the ocean (Yamashita et al., 2023). However, hydrother-
mal circulation can also remove recalcitrant marine DOM (Hawkes
et al., 2016; Hawkes et al., 2015; Rossel et al., 2017). Compared to
surface oceanic carbon sources and sinks, hydrothermal systems
contribute locally but significantly to the deep-sea carbon pool. It is
therefore crucial to understand the impact of hydrothermal DOM
mobilization in oceanic sediments on the overall marine carbon cycle.
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resolution (Teske et al., 2021b), enabling us to characterize the hydro-
thermal contribution to the marine DOM pool. It is a young marginal
seafloor spreading system beneath highly productive waters. High
export production results in the rapid formation of these organic-rich
sediments (Calvert, 1966). The sediments act as thermal blankets for
magma emplacing into the sedimented flanking regions (Lizarralde
et al.,, 2007). Shallow sill intrusions hydrothermally transform sedi-
mentary organic matter into hydrocarbons, mobilize buried carbon, and
drive hydrothermal fluid convection (Mara et al., 2024; Teske et al.,
2021b). Petroleum generation from recently deposited sediments
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converts fresh photosynthetic biomass into hydrocarbons. The young
hydrocarbon radiocarbon age (~5000 years) in the hydrothermally
active southern axial trough of Guaymas Basin (Simoneit and Kvenvol-
den, 1994) indicates relatively fast petroleum migration to the sediment
surface. A part of these petroleum compounds serves as substrates for
microbial communities (Edgcomb et al., 2022; Kawka and Simoneit,
1987; Simoneit and Lonsdale, 1982; Teske, 2024).

Sulfurization of porewater DOM as an important abiotic trans-
formation process in sulfidic sediments (Abdulla et al., 2020; Ksionzek
et al., 2016; Pohlabeln et al., 2017), potentially increasing the recalci-
trance of DOM. DOM sulfurization is fueled by the production of sulfide
by sulfate-reducers in anoxic sediments (Damsté et al., 1989). Dissolved
organic sulfur (DOS) release from sulfidic sediments contributes up to
39 % to the marine DOS pool (Ibrahim and Tremblay, 2023; Phillips
et al., 2022).

Recent work by Briinjes et al. (2025) highlighted the significant role
of hydrothermal transformations in shaping the DOM composition in
young, organic-rich Guaymas Basin sediments (<50 cm below the sea-
floor). While near surface hydrothermal activity in the Guaymas Basin
releases reactive DOM, contributing to a dissolved organic carbon (DOC)
flux of up to 5 mmol C m2 yr’1 (Lin et al., 2017), the potential for DOM
mobilization of deep subsurface sediments remains largely unexplored.
However, understanding these deeper hydrothermal organic matter
transformations is crucial to assess their impact on long-term carbon
sequestration and the marine carbon cycle. The objective of this study
was to elucidate DOM dynamics in hydrothermally altered subsurface
sediments in Guaymas Basin down to ~330 m depth. We hypothesize
that different processes influence the DOM composition, depending on
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sediment depth and degree of diagenesis: 1) microbial transformations
in younger sediments result in oxygenated DOM, enriched in nitrogen
and phosphorus; 2) DOM accumulates in intermediate depths, and
abiotic sulfurization leads to the formation of recalcitrant DOS; 3) hy-
drothermal alterations at high temperatures shape the molecular
composition of DOM in the deep subsurface resulting in high saturation,
low oxygenation and low molecular masses. We further hypothesize that
both recalcitrant and bioavailable DOM persist in the subsurface sedi-
ments but can be released into the ocean when hydrothermal sill in-
trusions cause advective fluid flow.

2. Material and methods
2.1. Study site and sampling

IODP Expedition 385 with JOIDES Resolution (September 15th to
November 15th, 2019) obtained sediment and porewater samples.
Organic-rich sediments and sill intrusions in the off-axis region and the
axial graben of the northern Guaymas Basin spreading segment were
drilled (Sites U1545 to U1552, Fig. 1) (Teske et al., 2021b). The study
area and the drilling sites have been surveyed previously (Teske et al.,
2021b), as summarized in the Supplementary material.

We analyzed porewater and sediment samples from Sites U1545,
U1547, U1550, and U1551 (Teske et al., 2021c-f). From the multiple
holes drilled at each site, Hole B was dedicated to extensive microbial
and biogeochemical sampling, including samples for this study. Per-
fluorocarbon tracers were deployed downhole on all cores to monitor
drilling fluid contamination. Different drill technologies were deployed:
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Fig. 1. Bathymetry of the Guaymas Basin (Gulf of California) showing the locations of all IODP Expedition 385 Sites (white and colored circles) and DSDP Leg 64
Sites (black circles) drilled in the region. This study specifically investigated Sites U1545, U1547, U1550, and U1551 (indicated by colored circles and colored text
boxes). The inset map shows the location of the Guaymas Basin relative to North America, with the blue arrow indicating the zoom-in area and roughly marking the

position of the Yaqui River estuary.
Adapted from Teske et al. (2021b).
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an advanced piston corer (APC), a half-length APC (HLAPC), and an
extended core barrel (XCB) system (Supplementary material). In-situ
formation temperature measurements were taken with an APC tem-
perature (APCT-3) and sediment temperature (SET2) tools (detailed
description in Teske et al. (2021b)). Additionally, we analyzed seawater
samples taken 2-3 m above the sediment near Site U1547
(Supplementary material).

Drilling at Site U1545 penetrated the sediment layers in the north-
western region of Guaymas Basin adjacent to a massive, thermally
equilibrated sill between 350 and 430 m below seafloor (mbsf, Site
U1546) (Teske et al., 2021b,c). Site U1547, situated at the hydrother-
mally active Ringvent area, targeted a shallow, recently emplaced hot
sill, creating steep thermal gradients, driving hydrothermal circulation
(Teske et al., 2019, 2021f). Here, the temperature increases rapidly to-
wards the “Ring of Fire” where conspicuous hydrothermal activity and a
topographical high of ca. 20 m mark the top rim of the buried sill (Teske
et al., 2019). Site U1550 is situated near DSDP Site 481 (Curray et al.,
1982), with heterogonous marine and terrestrial sediments accumu-
lating in the northern axial valley (Teske et al., 2021d). Site U1551
represents the terrestrially influenced sediments of the southeastern
Guaymas Basin, receiving riverine sand input from the Yaqui River
(Teske et al., 2021e). In-situ temperature gradients categorize the dril-
ling sites: The hydrothermally influenced Ringvent sediments with steep
temperature gradients of 500-1000 °C km™! (Site U1547), elevated
temperature gradients of 200 to 250 °C km ™! at Site U1545, and the
cooler Sites U1550 and U1551 with gradients of >100 °C km .. Even the
coolest sites have temperature gradients twice as steep as commonly
found for ocean crust (50-75 °C km 1) (Kolawole and Evenick, 2023).

For context, we summarize previously published total organic carbon
(TOC), sulfate (SO?(), sulfide (H»S), and ammonium (NHZ)
(Supplementary material Fig. S1) as well as methane profiles
(Supplementary material Fig. S2) (Teske et al., 2021c—f). TOC levels
ranged between 2.56 and 4.87 %wt in the surface sediment and
decreased downcore (Supplementary material Fig. Sla). Sulfate con-
centrations were highest in surface sediment interstitial water (between
24 and 28 mM at all sites) and decreased downcore (Supplementary
material Fig. S1b). Sulfate-methane transition zones (SMTZ), identified
by the simultaneous depletion of sulfate and methane concentrations,
were located at 50 mbsf at U1545B, 110 mbsf at U1547B, 10 mbsf at
U1550B, and 25 mbsf at U1551B (Supplementary material Fig. S2)
(Bojanova et al., 2023; Teske et al., 2021c—e). Sulfide concentrations
increased towards the SMTZs, reaching maximum values of ~8.9 mM
(34-63 mbsf, U1545B), ~8.7 mM (113 mbsf, U1547B), ~8.5 mM (16
mbsf, U1550B), and ~115 uM (8 mbsf, U1551B), and then decreased
with increasing depth (Supplementary material Fig. S1c). Ammonium
concentrations were between 0.1 and 1.5 mM in near-surface sediments
(<10 mbsf) and increased with increasing depth to maximum values of
30 mM (U1545B), 9 mM (U1547B), ~16 mM (U1550B), and 8 mM
(U1551B) (Supplementary material Fig. S1d).

Sample handling on board is described in Teske et al. (2021a). In
short, each sediment core was cut into 1.5 m sections and split for
several analyses: whole-round core samples for on-shore analysis were
either directly frozen at —80 °C or were pressed onboard for interstitial
water analysis as described by Teske et al. (2021a). Seawater sampling is
described in the Supplementary material and in Teske et al. (2019).

2.2. Soxhlet extraction

Hot-water Soxhlet extractions were performed after Schmidt et al.
(2014) and Lin et al. (2017) with 20 g of sediment in pre-combusted
(400 °C for 4 h) glass fiber thimbles (Whatman 603G, 30 x 100 mm).
The Soxhlet system ran 48 h with 200 mL ultrapure water in the dark
(further details in Supplementary material). Soxhlet extracts contain the
water-extractable DOM fraction (DOMwg).

Our hot-water extractions are a first-order approach that assesses the
potential for DOM mobilization from the particulate phase and identifies
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DOM composition trends during hydrothermal mobilization, as
demonstrated previously (Lin et al., 2017). We specifically used the
same approach to maximize comparability with these previous data.
Additionally, aqueous Soxhlet extraction serves as a practical alternative
to interstitial water analysis for deeply buried sediments when FT-ICR-
MS analysis of porewater is not feasible due to limited sample avail-
ability (Schmidt et al., 2014). This method has also been successfully
used for the extraction of low-molecular-weight organic acids as po-
tential substrates for microbes from the terrestrial deep biosphere (Vieth
et al.,, 2008). Our setup maintained anoxic conditions to reflect the
reducing environment of Guaymas Basin sediments. The ultrapure water
used for extraction had a pH of ~7.0, which falls within the lower range
of pH 7.0-8.2 in the natural sediments of our samples (Teske et al.,
2021c-f). While the ultrapure water lacked initial salinity, the wet
sediments contained residual porewater, helping to increase the ionic
strength during extraction, thus reducing potential artifacts due to the
absence of salting-out effects. Despite these considerations it is impor-
tant to keep in mind that our simplified approach does not fully replicate
in situ hydrothermal conditions. Natural hydrothermal sediments in
Guaymas Basin experience different pressure regimes and a wide range
of fluid temperatures from ~4 °C to >300 °C, whereas our extractions
occurred at the boiling point of water (~100 °C, at atmospheric pres-
sure). Hydrothermal fluid advection and petrogenesis also occur over
much longer timescales than our 48-hour extractions. For example,
batch extractions over 30 days yielded up to four times higher hot-water
extractable DOC (DOCwg) values than Soxhlet extraction (Lin et al.,
2017), suggesting that our method likely provides a conservative lower
estimate of the hydrothermally mobilizable DOM.

2.3. Elemental and molecular analysis

We filtered the porewater and water-extractable DOMyg samples
through glass fiber filters (GF/F Whatman, 0.7 um, combusted at 400 °C
for 4 h) and acidified them to pH 2 (HCI, p.a.).

DOC and total dissolved nitrogen (TDN) concentrations were deter-
mined by high-temperature catalytic oxidation with a Shimadzu TOC-
Vcpu equipped with a TDN analyzer. Trueness and precision of DOC and
TDN measurements were determined using deep-sea reference material
(University of Miami, USA) and were better than 5 %. The DOC con-
centrations in the porewater (DOCpy) are expressed in mM. The DOCwg
concentrations were normalized to TOC (Teske et al., 2021c—f) and
expressed in percent of the initial TOC content (%TOC;yit) as described
in Lin et al. (2017). Values of DOCwg %TOC;y; represent the fraction of
sedimentary organic carbon that can be hydrothermally mobilized as
DOC. Higher values indicate a greater mobilization potential (e.g., from
less altered sediments) compared to lower values indicating reduced
mobilization potential (e.g., from more degraded or thermally altered
sediments).

Porewater and water-extractable DOM were isolated via solid phase
extraction (SPE) using PPL cartridges (Agilent Bond Elut PPL, 1 g) and
methanol (HPLC grade, 99.8 %) as eluent as described in Dittmar et al.
(2008). Acidified porewater and water-extractable DOM (pH 2) were
adjusted with ultrapure water (pH 2) to a volume of 250 mL to increase
the volume for SPE, using a maximum of 1 mg C per 1 g of PPL to avoid
overloading the PPL cartridges (Supplementary material Table S1). For
four porewater samples from Site U1551 only small volumes (<10 mL)
were available, thus we combined those to two samples (Supplementary
material Table S1). The extraction efficiency of SPE-DOM was 55.3 % +
18.1 % (n = 134) (Supplementary material Table S1). We analyzed
dissolved organic nitrogen of SPE-DOM (DONgpg) concentrations by
evaporating an aliquot of methanol extract, redissolving it in ultrapure
water, and analyzing TDN with the Shimadzu TOC-V¢py as described
above.

We pipetted methanol extracts in pre-combusted 4 mL glass vials and
redissolved them in 1 % HNOj3 to determine dissolved organic sulfur
(DOS) and dissolved organic phosphorus (DOP) concentrations of SPE-
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DOM (DOSgpg, DOPgpg) with an inductively-coupled plasma-optical
emission spectrometer (ICP-OES, iCAP PRO, Thermo Scientific, Bremen,
Germany) following Pohlabeln and Dittmar (2015) for DOSgpg,
extending the analytical window to include DOPgpg. Instrumental drift
and potential matrix effects were effectively compensated for by adding
an internal standard prior to the ICP-OES measurements. Standard de-
viations of repeated measurements of the in-house SPE-DOM reference
(n = 10, North Equatorial Pacific Intermediate Water) (Green et al.,
2014) were below 6 % RSD (DOPspg) and 5 % RSD (DOSspg).

We analyzed the stable carbon isotopic composition of SPE-DOM on
an elemental Analyzer (Flash 2000 EA) coupled via a Conflo IV interface
to isotope ratio mass spectrometry (EA-IRMS, Thermo Scientific Delta V
Plus) after pipetting methanol extracts into tin caps and completely
drying it. Stable carbon isotope ratios are expressed as 5!3C relative to
the Vienna Peedee Belemnite (VPDB) reference. For repeated analysis of
a marine sediment reference, cross-referenced with certified interna-
tional standard IAEA-CH-6, the trueness and precision were better than
0.2 and 0.1 %o, respectively.

2.4. FT-ICR-MS analysis

We diluted an aliquot of SPE extract with ultrapure water and
methanol (ULC/MS grade absolute) in a ratio of 1:1 (v/v) to a concen-
tration of 1.8 mg DOC L~! for molecular analysis with ultrahigh-
resolution mass spectrometry. Samples were analyzed in duplicate
using a 15 Tesla Fourier-transform ion-cyclotron-resonance mass spec-
trometer (FT-ICR-MS, SolariX XR, Bruker Daltonik, Bremen, Germany).
We repeatedly measured North Equatorial Pacific Intermediate Water
SPE-DOM as a reference to monitor instrument performance. Molecular
formulae were attributed using the server-based tool ICBM-OCEAN
(Merder et al., 2020). Analytical conditions and settings are given in
the Supplementary material. Molecular formulae were grouped into
operationally defined compound groups as described in Merder et al.
(2020) according to their hydrogen-to-carbon (H/C) and oxygen-to-
carbon (O/C) values and aromaticity index (Alpoq) (Koch and Dittmar,
2006, 2016). FT-ICR-MS signal intensities of masses with assigned mo-
lecular formulae were normalized to the sum of the intensities of all
molecular formulae in each sample. We averaged replicate measure-
ments, and considered only molecular formulae present in both
duplicates.

To compare DOCpy concentrations with the DOCyg concentrations,
we normalized DOC concentrations to the original TOC contents,
expressed as DOCpy* and DOCwg* (Supplementary material Fig. S3):

1) DOCwg* (ing C kg_1 TOC™): DOCwg was normalized to the initial
sediment TOC content and the amount of extracted sediment, ac-
counting for the individual water volume used for each Soxhlet
extraction (~200 mL).

DOCpw* (in g C kg*1 TOC™1): DOCpyw was normalized to the
amount of sediment used for porewater extraction (sediment
squeezing), the resulting porewater volume, and the specific TOC
content of each sediment sample.

2)

We then compared the DOM molecular compositions of porewater
and Soxhlet extracts by scaling the average abundances of molecular
compound groups to the DOCpy* (or DOCwg*) concentrations. This was
done by multiplying the intensity-weighted relative abundance of each
compound group by DOCpw* (or DOCyg*) concentration (in g C kg™!
TOC™!) of each sample. The data were subsequently normalized across
the entire dataset (i.e. for each compound group across all sites rather
than within each individual site) to values between 0 (minimum) and 1
(maximum) as described previously (Seidel et al., 2017). This approach
enabled us to compare the relative abundances of DOM compound
groups between porewater and water-extractable DOM samples across
all sites, considering different depths and sites with varying temperature
gradients. Higher values indicate either a greater relative abundance in
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porewater (DOCpw+) or a higher mobilization potential with hot water
(DOCwg*). This method was previously validated by Seidel et al. (2015)
through a laboratory serial dilution of terrestrial and marine SPE-DOM
samples from an Amazon River-to-ocean transect. These authors iden-
tified approximately 2,500 out of 3,600 molecular formulae with a
significant (p < 0.05) linear response in the FT-ICR-MS, allowing for the
calculation of their relative enrichment or depletion in natural samples.

Statistical analyses were performed with the R statistical platform (R
Core Team, 2023). We used a principal coordinate analysis (PCoA) of the
normalized molecular formulae intensities from FT-ICR-MS analysis.
Centered and scaled environmental data and DOM molecular compound
groups were fitted to PCoA ordination post hoc using the function envfit
(permutations 10,000, p < 0.05) of the vegan package (Oksanen et al.,
2022) in R (R Core Team, 2023). We calculated the degradation (Ipgg)
(Flerus et al., 2012), the terrestrial (Ire) (Medeiros et al., 2016) and the
porewater DOM sulfurization (Is,p) (Knoke et al., 2024) indices from the
molecular data to assess the influence of diagenesis and hydrothermal
heating on the DOM composition (Table 1). Trends in DOM molecular
diversity were assessed with help of functional diversity indices (Dg).
The functional diversity index is based on Rao’s quadratic entropy (Rao,
1982) as described in Mentges et al. (2017) and was calculated for the
number of carbon atoms (Dg (C)), H/C values (D (H/C)) and the
nominal oxidation state of carbon (NOSC) (LaRowe and Van Cappellen,
2011) (Dg (NOSQ)) (Table 1). We correlated the relative intensity of
molecular formulae with the sediment depth using Spearman’s corre-
lation (p > 0.25, p < 0.024). False-positive p-values were corrected after
Benjamini and Hochberg (1995). The Wilcoxon-Mann-Whitney test was
used to assess the significance of differences in SPE-DOM isotopic
composition after normality was tested with the Shapiro-Wilk test,
which indicated non-normal distributions.

Table 1
Overview and application of the calculated molecular DOM indices.

Index Function Reference

Degradation index Flerus et al. (2012)

(Ipkc)

Indicates the degradation state of
marine DOM. Higher values
represent more degraded material
(0-1).

Identifies terrestrial DOM from

Terrestrial index Medeiros et al. (2016)

(Irerr) land-derived material. Higher
values indicate higher abundance
of terrestrial molecular formulae
(0-1).
Porewater Indicates the abundance of sulfur- Knoke et al. (2024)
sulfurization containing DOM from sulfidic

index (Isp) sediments. Higher values indicate
higher abundance of sulfurized
molecular formulae (0-1).
Quantifies the molecular diversity
using Rao’s quadratic entropy
based on molecular properties
listed below. Higher values indicate
higher functional diversity and
potentially younger DOM.
Represents diversity in the number
of carbon atoms, indicating
molecular size/mass, which are
related to bioavailability.

Indicates diversity in hydrogen-to-
carbon (H/C) ratios, which reflect
saturation, and bioavailability.
Represents diversity in the nominal
oxidation state of carbon (NOSC),
which is related to compound
reactivity. Higher NOSC values
indicate higher thermodynamic
profit during microbial oxidation.

Functional
diversity index
(Dr)

Mentges et al. (2017);
Rao (1982)

Dr (C) Mentges et al. (2017)

Dg (H/C) Mentges et al. (2017)

LaRowe and Van
Cappellen (2011);
Mentges et al. (2017)

Dr (NOSC)
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3. Results
3.1. Porewater dissolved organic matter composition

DOCpyw concentrations increased with increasing sediment depth
relative to the near-surface porewater samples (<10 mbsf, 0.44 mM to
1.3 mM) and to bottom seawater concentrations (Ringvent, <0.2 mM,
Table 2) at all sites to maximum concentrations of 5.2 mM (>300 mbsf
in U1545 and >125 mbsf in U1550, Fig. 2a-d). However, at Site U1547,
DOCpyw concentrations were notably lower compared to the other dril-
ling sites (DOCpy < 0.8 mM, Fig. 2b).

TDN concentrations increased with sediment depth across all sites
reaching 6 to 33 mM (Fig. 2e), being higher than bottom seawater (0.21
mM and 1.39 mM, Table 2) and near-surface porewater concentrations
(0.12-3.14 mM, Table 2). DONgpg increased in the upper 100 mbsf at all
sites (up to 220 uM, Fig. 2f) compared to near-surface samples (13 to 47
uM, Table 2), with the smallest increase at Site U1547 (Fig. 2f). Yet,
DONgpg, decreased in depths greater than 100 mbsf (Fig. 2f).

DOSgpg and DOPgpg concentrations followed trends of DONgpg
(Fig. 2g, h, Table 2): the concentrations were lowest in the near-surface
samples and increased within the upper 100 mbsf (DOSspg, 2.1 to ~200
uM, and DOPgpg 0.11 to 1.9 pM, respectively). DOSspr and DOPgpg
concentrations decreased in sediment depths greater than 100 mbsf.

C/Ngpg values were between 9 and 13 in near-surface samples and 16
in the bottom seawater (Table 2) and reached values of >20 C/Ngpg in
deeper samples (Fig. 2j). Similarly, C/Sspr and C/Pgpg values increased
with increasing sediment depth from ~11 to ~148 (C/Sspg) and from
1128 to 10,538 (C/Pspg) (Fig. 2k and 1). Bottom seawater had values of
57 and 115 (C/Sspg) as well as 1507 and 2902 (C/Pspg) (Table 2).

Stable carbon isotope ratios 63C) of porewater SPE-DOM were, on
average, —22.46 + 0.27 %o (U1545), —23.12 + 0.45 %0 (U1547), —22.35
+ 0.43 %o (U1550), and —24.25 %o (U1551) (Supplementary material
Fig. S4).

Intensity-weighted H/C values of SPE-DOM (from FT-ICR-MS anal-
ysis) increased with increasing depth (>1.3, >100 mbsf, Fig. 3a)
compared to near-surface samples, bottom seawater and samples at Site
U1551 (H/C < 1.4). In contrast, porewater SPE-DOM O/C values
decreased with depth (0.35 to 0.42, near-surface sediment <10 mbsf,
bottom seawater) to values below 0.36 (Fig. 3b).

Intensity-weighted average NOSC values generally decreased at
depths >50 mbsf (Fig. 3c). Intensity-weighted average relative abun-
dances of carboxyl-rich alicyclic molecules (CRAM) were >55 % in <50
mbsf in all cores and decreased to values ~50 % with increasing depth in
all cores except for U1551 (Fig. 3d). The average DOM molecular mass
(m/z) decreased with depth to values <325 Da compared to near surface
porewater (<10 mbsf) and bottom seawater (335 to 400 Dalton, Da)
(Figs. 3e and 4a).

Intensity-weighted relative abundances of molecular formulae con-
taining N ranged between 39 (U1547, 3 mbsf) and 83 % (U1550, 28
mbsf) (Fig. 3f). Intensity-weighted relative abundances of DOM con-
taining S ranged between 5 and 68 % and increased towards the
respective SMTZ at all sites except U1551 (Fig. 3g), followed by
downcore decreasing values. Intensity-weighted relative abundances of

Table 2
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polycyclic aromatic (PCA) molecular formulae in porewater increased
downcore to 5 % at 190 mbsf (U1545), ~3 % at 40 mbsf (U1547), ~2 %
at 7 mbsf (1550) and 2 % at 23 mbsf (U1551) (Fig. 3h). The remaining
DOMpy groups and bottom seawater DOM composition are displayed in
the Supplementary material Fig. S5 and Table S2.

Ipgg decreased with depth in all cores from 0.6 to <0.1 (Fig. 4c). Isyp
values were highest at the respective SMTZ of each core (>0.35),
generally following the trends of profiles of DOSgpg concentrations
(Fig. 4d). I7er increased to downcore values >0.4 (Fig. 4e).

The functional diversity of H/C, this is Dy (H/C), increased downcore
at Sites U1545 and U1547 to >0.15 at ~50 mbsf and then decreased to
0.12 (Fig. 4f). At Site U1550, Dy (H/C) reached values of approximately
0.12 except for values <0.12 at ~50 mbsf. The functional diversity of
carbon numbers, Dr (C), and NOSC, Dr (NOSC), decreased downcore at
Sites U1545, U1547 and U1550 to values <2.5 and 0.2, respectively
(Fig. 4g and h). All Dy parameters increased with depth at Site U1551.

3.2. Carbon mobilization from sediments

Hydrothermally heated sediments from Sites U1545 and U1547 had
lower potential to mobilize carbon (1-6 %TOC;,;;) than Site U1550 at
the axial trough and the terrestrially influenced Site U1551 (up to ~8 %
Tocinit; Fig. 2i).

The 8'3C SPE-DOM values in the hot-water Soxhlet extracts
(DOMywg) were on average —21.88 + 0.69 %o (U1545), —22.18 + 0.06
%o (U1547), —22.14 + 0.41 %o (U1550), —22.57 + 0.40 %o (U1551). The
values were relatively constant with depth in all cores (Supplementary
material Fig. S4). A Wilcoxon rank sum test revealed a significant dif-
ference in 5'3C SPE-DOM values between DOMpw and DOMyg samples
(W =288.5,p = 2.89 x 107°).

The molecular properties of DOMywg, differed between sites and with
depth (Supplementary material Fig. S6). The average H/C values
increased downcore (<1.24 to >1.24, Supplementary material Fig. S6a),
whereas average O/C values decreased at all sites (from >0.41 to <0.38,
Supplementary material Fig. S6b). Molecular formulae in DOMyg con-
taining nitrogen ranged between 46 (U1545, 485 mbsf) and 99 %
(U1550, 22 mbsf) (Supplementary material Fig. S6c¢). Molecular
formulae of DOMyg containing sulfur ranged between 6 (U1551, 38
mbsf) and 81 % (U1547, 11 mbsf, Supplementary material Fig. S6d). The
molecular masses (m/z) decreased from near-surface sediments (from
330 and 345 Da) downcore at all sites (to 266 and 332 Da)
(Supplementary Fig. S6f). The intensity-weighted abundance of PCA
molecular formulae was highest at Site U1547 at 60 mbsf (~5 %) and
approached lowest values at Sites U1545, U1547 and U1550 at the
respective deepest samples (Supplementary material Fig. S6h) (the
remaining DOMyyg groups and parameters are shown in Supplementary
material Figs. S6 and S7). Compared to DOMpy, DOMyg was generally
less degraded (lower Ipgg values), more sulfurized (higher Ig,p values),
and contained more terrestrial compounds (higher I, values)
compared to DOMpy (compare Supplementary Fig. S8 to Fig. 4).

Bulk geochemical parameters of the two bottom water samples (Alvin dive 4864 from 2 m and dive 4865 from 3 m above ground) compared to the respective
shallowest porewater samples at Sites U1545, U1547, U1550, and U1551. The water samples were collected at Site Ringvent during R/V Atlantis cruise AT37-06

(Teske et al., 2019) and are closest to Site U1547.

Depth [m] or [mbsf]” DOC [mM] TDN [mM] DONgpg; [1M] C/Nspg DOSgpg; [1M] C/Sspk DOPgp, [uM] C/Pspi
Dive 4864 1725 0.20 1.39 9.5 16 2.7 57 0.05 2902
Dive 4865 1726 0.10 0.21 3.4 16 0.5 115 0.04 1507
U1545 3 0.67 0.53 24 9 7.5 30 0.1 2008
U1547 3 0.44 0.12 18 11 3.6 53 0.1 1728
U1550 3 1.27 1.53 47 13 17 35 0.46 1290
U1551 14 1.06 3.14 13 10 2.1 61 0.12 1128

# Water depth in m for samples from dives and sediment depth in mbsf for sediment core samples.
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Fig. 2. Profiles of bulk geochemical parameters for DOCpy a) U1545, b) U1547. c¢) U1550, d) U1551 and e) TDN, f) DONgpg, g) DOSspg, h) DOPspg, i) DOCwr (%
TOCinit), j) C/Nspg, k) C/Sspg, 1) C/Psp over depth for all drilling sites with sulfate-methane transition zones (SMTZ) and temperature data published previously
(Teske et al., 2021c-f). Bottom water samples were collected during Alvin dive 4864 from 2 m and dive 4865 from 3 m above ground (R/V Atlantis cruise AT37-06).

3.3. Statistical results

In the PCoA based on the molecular DOM composition of porewater,
the first two axes accounted for 69 % of the DOM variability (Fig. 5a).
The first axis separated porewater samples by their H/C values, N-con-
taining DOM and NOSC, while the second axis distinguished sites by
location and by sulfur-content (DOM containing S and Ig,p values) and
It values. Deep porewater samples (samples clustering on the right
side of PCoA in Fig. 5a) of Sites U1545, U1547 and U1550 were posi-
tively correlated with high DOCpy concentrations and unsaturated
compounds. Porewater DOM in intermediate depths (samples clustering
on the left side of PCoA in Fig. 5a) correlated with high NOSC values,
PCA molecular formulae, DOM containing S or P, DOSspg, content, and
Isyp and Iz, values. Porewater in upper sediment layers (samples of Sites
U1545, U1547, U1551 clustering in the upper left panel of PCoA in
Fig. 5a) exhibited high O/C values, higher degradation (Ipgs) and high
m/z values, high TOC, and CRAM contents and highly unsaturated DOM.
Bottom seawater samples clustered with intermediate (U1550) and
upper sediment porewater (U1547) or deeper porewater from Sites
U1545 and U1547 (Fig. 5a).

In the PCoA of the hot-water Soxhlet-extracted sediments (DOMwg),
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the first two axes explained 55 % of the DOM molecular variability
(Fig. 5b). The first axis separated samples according to highly unsatu-
rated DOM (HUC), DOPgpg, content and N-containing DOM, whereas the
second axis distinguished sites by sulfur (Is,p) and phosphorus content.
The deep sediment samples of Sites U1545 and U1547 were positively
correlated with high H/C values, temperature, depth and unsaturated
DOM (lower left panel), whereas upper DOMyyg samples correlated with
NOSC, Ipgg, O/C and CRAM values, aromatic and PCA molecular
formulae as well as molecular mass (m/z). Sites U1550 and U1551
exhibited higher DOCwg %TOC;,i; alongside high content of N-con-
taining DOM and It values.

1833 molecular formulae correlated with sediment depth in both
DOMpyw and DOMyg (Supplementary material Fig. S9). 1409 and 3791
molecular formulae correlated positively or negatively with sediment
depth in DOMpw or DOMyg samples exclusively (Fig. 4b, Supplementary
material Fig. S9). Relative abundances of molecular formulae positively
correlated to sediment depth (red) had H/C values >1 and O/C values
<0.3, whereas negatively correlated molecular formulae (blue) had H/C
values <1.5 and O/C values >0.3 (Fig. 4b).
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Fig. 3. Profiles of the porewater molecular SPE-DOM composition (DOMpy, from FT-ICR-MS) for the intensity-weighted values of a) H/C, b) O/C, ¢) NOSC, d)
relative abundances of carboxyl-rich alicyclic molecules (CRAM, in %), e) molecular masses (m/z), and intensity-weighted relative abundances of molecular formulae
containing f) N, g) S, h) polycyclic aromatic (PCA) molecular formulae over depth (in %). Included are enlarged profiles of PCA compounds (0-10 %) for a better

visualization of the depth trends. SMTZ, sulfate-methane transition zone.
4. Discussion

Thermal and chemical gradients in the Guaymas Basin create a
diverse biogeochemical environment (Teske et al., 2019). This study
breaks new ground by venturing into the deep subsurface of Guaymas
Basin sediments to investigate how hydrothermal processes shape the
DOMpy composition. The reactivity of organic matter in sediments is
determined by factors such as age and burial depth, as well as temper-
ature, and microbial activity (Burdige, 1991; Komada et al., 2013;
Middelburg, 1989) and therefore, these factors will also influence the
amount and composition of DOMpy (Briinjes et al., 2025; Schmidt et al.,
2014). These environmental factors also interact in complex ways,
making it challenging to determine their individual effects on the
persistence of DOM in sediments (Cheng et al., 2024). In the following
sections, we will discuss these processes relating them to DOM trans-
formations in the deep subsurface sediments of the Guaymas Basin.
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4.1. Biological processes shaping the DOM composition in Guaymas Basin
sediments

In the Guaymas Basin, sediments become anoxic after a few centi-
meters below sediment surface (Teske, 2024). Previous research at our
sampling sites has shown that metabolic processes and cellular activity
are highest in the upper ~40 mbsf and then drop to near-zero levels at
depths >75 mbsf (Mara et al., 2023b). In this microbial active zone
(upper sediments <50 mbsf), we observed the lowest DOCpy concen-
trations in the porewater at all sites (Fig. 2a—d). This is likely due to
active microbial communities metabolizing DOM (Bazylinski et al.,
1988; Gutierrez et al., 2015) and loss of DOM via diffusion from the
near-surface sediments into the ocean (Burdige et al., 1999). DOC con-
centrations generally increase exponentially with depth in anoxic,
organic-rich oceanic margins (Burdige and Komada, 2015) and near-
surface hydrothermal sediments (Lin et al., 2017). Therefore,
increasing concentrations with depth suggested DOCpy accumulation
resulting from an imbalanced release and consumption of DOC (Burdige
and Gardner, 1998).
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In the upper ~50 mbsf, DONgpg and DOPgpg concentrations
increased with depth, likely due to microbial mobilization from sedi-
mentary organic matter (Schmidt et al., 2009) (Fig. 2f and h). The C/
Ngpg and C/Pgpg values increased only slightly in the upper 50 mbsf,
suggesting simultaneous degradation of DOC, DOPgspg, and DONgpg
(Fig. 2j and 1). Likewise, the pronounced increase of TDN concentrations
with depth, especially below the SMTZs at Sites U1545 and U1550
(Fig. 2e), likely resulted from organic matter degradation (Teske et al.,
2021c,d), because microbial organic matter remineralization releases
inorganic nitrogen, such as ammonium, accumulating under anoxic
conditions. At intermediate depths (<100 mbsf), the relative abun-
dances of intensity-weighted N- and P-containing molecular formulae
(Fig. 3f, Supplementary Fig. S5a) and bulk concentrations (DONgpg and
DOPgpg) remained constant or even increased (Fig. 2f and h). In the
microbial active zone (<50 mbsf), the increase of DONgpg and DOPgpg
was probably due to protein degradation and release of biomass-derived
compounds (Schmidt et al., 2009; Valle et al., 2018). However, at
greater depths (>75 mbsf), reduced microbial degradation and
increased thermal degradation likely contributed to the accumulation of
N- and P- containing DOM (see discussion about hydrothermal DOM
alterations below). The increasing C/Ngpg and C/Pgpg values further
suggest a relatively higher release and/or accumulation of DOCgpg
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compared to DONgpg and DOPspg indicating a preferential microbial
degradation of N- and P-containing DOM with increasing sediment
depth.

Porewater DOM in sediments with detectable microbial activity
(<70 mbsf) (Mara et al., 2023b) had O/C values >0.4 aligning with
previously reported values in marine porewater (Schmidt et al., 2009;
Seidel et al., 2014) (Fig. 3b). The Dg values of the molecular DOM pa-
rameters in the near-surface sediments were comparable with values
reported for relatively young oceanic DOM (less than ~3 years)
(Mentges et al., 2017) (Fig. 4f~h). The DOM functional diversity in-
creases with biological transformations (Wang et al., 2021), thus mi-
crobial DOM processing may explain the observed higher functional
diversity in the upper 50 mbsf compared to deeper sediments. At the
same time, the relative increase of PCA molecular formulae with
increasing DOCpy concentrations in depths <70 mbsf (PCA in Fig. 3h)
may be related to the intrinsic stability of these compounds against
microbial degradation (Osterholz et al., 2016; Wagner et al., 2018),
leading to a relative accumulation of recalcitrant DOM when labile
fractions are consumed.

Active microbial transformations may explain the slightly higher
abundances of CRAM in porewater DOM of the upper ~50 mbsf
compared to the deeper sections (Fig. 3d), since a net production of
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CRAM by microbial communities has been observed during sedimentary
organic matter degradation (Fox et al., 2018). CRAM is structurally
related to microbial membrane constituents and secondary metabolites,
originating from microbial organic matter transformations (Hertkorn
et al., 2013). Marine sediments have also been proposed as a source of
CRAM to the ocean (Fox et al., 2018). In addition, while seawater
diffusion into the sediment might influence the relative abundance of
CRAM in the near-subsurface sediments, this influence is likely to be
small given the higher DOC concentrations in porewater compared to
seawater.

4.2. Abiotic processes dominate the DOM composition in the deep
subsurface sediments

At sediment depths >75 mbsf (and temperatures >50 °C), microbial
populations and activities are significantly reduced (Mara et al., 2023a;
Mara et al., 2023b). In high-temperature sediments (>45 °C), organic
substrates become less important when survival conditions become
increasingly unfavorable for microbes, limiting microbial diversity and
abundance (e.g., at Sites U1545 and U1547) (Mara et al., 2023b). In the
mid-section sediments with reduced microbial activity (~50 to ~100
mbsf U1547, U1550, and U1551, or 50-250 mbsf U1545, respectively),
decreasing NOSC values with increasing depth reflected the progressive
decrease of the DOM oxidation state (Fig. 3c). This trend suggests
increasing DOM recalcitrance under anoxic, energy-limited conditions
(LaRowe and Van Cappellen, 2011). Hydrothermal petroleum genera-
tion releases reduced aliphatic compounds (Simoneit, 2018; Simoneit &
Schoell 1995), further contributing to the decreasing NOSC values with
depth. In addition, PCA molecular formulae accumulated in intermedi-
ate depths (Fig. 3h), probably reflecting the reduced microbial degra-
dation under anoxic conditions and the inherent recalcitrance of their
condensed aromatic ring structures (Coppola et al., 2022; Seidel et al.,
2014). However, NOSC values also reflect DOM saturation and
oxygenation, influencing DOM polarity (Riedel et al., 2012; Stenson,
2008). Oxygen-rich, unsaturated, and condensed aromatic substances
exhibit reduced water solubility and may preferentially precipitate with
metal phases (Riedel et al., 2012), while the residual, more soluble DOM
becomes more saturated and less oxygenated, which is reflected in
decreasing NOSC and O/C values with depth (Figs. 3b, ¢, 4b).

Large parts of the sediments in Guaymas Basin are sulfidic
(Supplementary material Fig. S1) (Teske et al., 2021b). In sulfidic sed-
iments, abiotic sulfide incorporation into DOM produces DOS
(Pohlabeln et al., 2017). C/Sgpg values below 100 and decreasing C/Sspg
values towards the SMTZs at Sites U1545, U1547, and U1550 (Fig. 2k)
are consistent with DOM sulfurization as a prevalent process (Gomez-
Saez et al., 2017; Phillips et al., 2022) producing DOS in the hydro-
thermal Guaymas Basin sediments. The DOSgpg concentrations peaked
near SMTZs aligning with high sulfide concentrations (Fig. 2g). Elevated
Igyp (Fig. 4d) and low C/Sgpg ratios in depths <50 mbsf (Fig. 2k) further
highlight abiotic DOM sulfurization as a significant transformation
process at the hydrothermally impacted sites, highlighting the applica-
bility of the Ig,p across various sulfidic environments. The C/Sgpg values
around 11 are amongst the lowest reported values (Gomez-Saez et al.,
2021; Gomez-Saez et al., 2016; Ksionzek et al., 2016; Phillips et al.,
2022), possibly representing the upper limit of abiotic sulfur incorpo-
ration into DOM in sediments.

4.3. Hydrothermal alteration of deep subsurface DOM

Increasing DOCpy concentrations with increasing depth (Fig. 2a-d)
likely represent past and recent hydrothermal DOC mobilization from
sedimentary organic matter (Lin et al., 2017). Hydrothermal petroleum
is generated on geologically short time scales in the Guaymas Basin
(Simoneit, 2018). In contrast, in low-organic, high-temperature hydro-
thermal systems, DOM is highly altered, and most SPE-DOM is removed
(Hawkes et al., 2016). Heat-induced fluid flow that follows a sill
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emplacement diminishes after cooling (Fisher and Narasimhan, 1991).
As a result, hydrothermally altered DOC may accumulate in the pore-
water (Lin et al., 2017). This may explain why DOCpw concentrations
were notably lower at the Ringvent Site U1547 (Teske et al., 2019)
compared to the other sites. Here, a more recent sill emplacement causes
advective transport of fluids toward the overlying water (Neumann
et al., 2023). This is also supported by the similarity of the bottom water
DOM composition (~2 to 3 m above the ocean floor) and hydrother-
mally impacted porewater DOM at Site U1547 (clustering of Ringvent
bottom seawater with deep porewater samples from Site U1547 in PCoA,
Fig. 5a). Therefore, DOCpy concentrations at Site U1547 are possibly
lower because of a shorter fluid residence time in the sediments and
discharge into the overlying water.

Hydrothermal DOM alteration begins at relatively low temperatures
of 68 °C (Hawkes et al., 2016). With increasing depth and temperature,
we observed molecular DOM changes, including decreasing molecular
masses (m/z), O/C, and NOSC values, along with increasing H/C values
in all deep porewater samples from hydrothermally affected Sites
U1545, U1547, and U1550 (Fig. 3, Fig. 4). As mentioned above, this
reflects hydrothermal petroleum generation, such as the reductive
transformation of organic matter (Simoneit, 2018). This process leads to
dehydration and decarboxylation, which explains the generally
decreasing O/C values (Fig. 3b) and average molecular masses (Fig. 3e)
(Hawkes et al., 2016). In addition, the degradation state (Ipgg) (Fig. 4c)
and functional diversity of porewater SPE-DOM (Dg) decreased at depths
approaching sill intrusions (i.e., our deepest samples, Fig. 4f-h). This
pattern suggests thermally altered, but microbially unprocessed DOM
(Hansen et al., 2019; Lin et al., 2017), which accumulates when high
sediment temperatures inhibit microbial degradation. Due to the
severely reduced microbial abundances at temperatures above 50 to 60
°C (Mara et al., 2023a), deep subsurface sediments accumulate DOM
until thermal degradation occurs. However, the interplay of DOM
thermal degradation and DOM bioavailability is highly complex, which
is evident when considering the fate of reduced aliphatic compounds
such as alkanes. While reduced petroleum compounds with low NOSC
values such as alkanes, are energetically less favorable substrates than
oxidized compounds, specialized alkane-degrading microbes are
generally able to utilize this compound group in sediments <75 mbsf
and at <50 °C (Mara et al., 2022; Ramirez et al., 2021; Teske et al.,
2014).

Increasing DOCpy concentrations with depth, along with decreasing
DOSgpg, DONgpg, and DOPgpg concentrations, suggest that hydrothermal
transformations may favor the release of DOC into porewater. Sulfur and
phosphorus compounds are both generated and degraded during these
hydrothermal processes (Hawkes et al 2016). While sulfur compounds
are mostly removed during thermal degradation at temperature >100
°C, new sulfur compounds can also form at various temperatures
(Hawkes et al., 2016), especially under sulfidic conditions (Gomez-Saez
et al., 2016). During thermal alteration, nitrogen-containing DOM can
undergo decarboxylation, dehydration, and ring-closure, potentially
forming dissolved black nitrogen and dissolved black carbon in thermal
environments (Hawkes et al., 2016). The observed DONgpg and DOPspg
concentrations can be explained by thermal degradation, which release
inorganic constituents such as ammonium and phosphate through
deamination and dephosphorylation (Moeller et al., 2022; Robinson
et al., 2019). This is consistent with the observed increase of ammonium
and TDN concentrations with depth (Fig. 2e, Supplementary Fig. S1). As
microbial activity declines in deeper, high temperature sediments (>60
°C), thermal degradation processes become more dominant, in contrast
to the upper ~50 mbsf characterized by high microbial activity.

4.4. Hydrothermal circulation mobilizes deep subsurface DOM
The stable carbon isotopic composition 6'3C) of porewater and

water-extractable SPE-DOM exhibited values typical for marine SPE-
DOM (around —23 %o, Supplementary material Fig. S4), reflecting
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dominant marine (algal) organic matter sources in Guaymas Basin
sediments (Teske et al., 2021b). In line with this, petroleum in Guaymas
Basin sediments is generated from marine sedimentary kerogen
(Simoneit and Schoell, 1995). At the southern Site U1551 (Fig. 1), 518¢
SPE-DOM values were more negative (Supplementary material Fig. S4),
likely because of terrigenous input from the Yaqui River in that region
(Teske et al., 2021b), which was also observed in the sediment
composition gradient from north to south in the Guaymas Basin (Persad
and Marsaglia, 2023).

Porewater SPE-DOM (DOMpyy) exhibited significantly more negative
513C values compared to hydrothermally mobilizable DOMyg, (p = 2.89
x 107°, Wilcoxon-Whitney test), suggesting a greater terrestrial
contribution in porewater than in DOMwg (Supplementary material
Fig. S4). This may indicate that sorption to sediment mineral phases
preserves marine organic matter (less negative 513C values) from
degradation (Guggenberger and Kaiser, 2003; Keil et al., 1994), whereas
marine DOM in the porewater may have been more degradable than the
terrestrial DOM (more negative 513C values) (Fu et al., 2022).

The molecular compositions of DOMpy and DOMyg were distinctly
different, as evidenced by variations in degradation (Ipgg), sulfurization
(Isyp), and terrestrial DOM (Ir,) indices. Notably, DOMyg was generally
less degraded (lower Ipgg values), more sulfurized (higher Ig,p), and
contained more terrestrial compounds (higher Iz, values) compared to
DOMpy (Supplementary Fig. S8, Fig. 4). However, the higher I, values
in DOMwg, indicating a greater abundance of terrestrial compounds
compared to DOMpy, contrast with the 5'3C SPE-DOM values, which
were more negative in DOMpy than in DOMwg (Supplementary Fig. S4).
This suggests that the differences in 8'3C SPE-DOM values between
DOMyg, and DOMpyy are likely driven by varying degradation states of
specific organic compound classes rather than solely by terrestrial input.
Lipids, proteins, or carbohydrates may be degraded at different rates,
leading to the degradation of more bioavailable compounds and pres-
ervation of more recalcitrant compounds, such as lipids (Hatcher et al.,
1983). Water-extractable DOM (DOMwg) also appears to consist of a
fresher, less degraded DOM, compared to more degraded porewater
DOM (Schmidt et al.,, 2014). Selective degradation of isotopically
heavier compounds, such as carbohydrates and proteins (van Dongen
et al., 2002) may therefore explain the more negative 513C SPE-DOM
values in DOMpy compared to DOMyg, the latter potentially contain-
ing preserved, isotopically heavier compounds such as protein-derived
material.

Despite these compositional differences, both DOMwg and DOMpy
exhibited comparable depth-related trends, including decreasing Ipgc
values with depth, and elevated Ig,p values in intermediate depths (near
the SMTZs). This indicates that while their molecular compositions
differ, the dominant biogeochemical processes such as microbial
degradation, sulfurization, and hydrothermal degradation affect both
pools comparably along sediment depth gradients. Furthermore, the
difference of 8'3C values between DOMpyw and mobilizable DOMwg
indicated that hydrothermal circulation through sediments potentially
mobilizes DOM which is more readily degradable compared to pore-
water DOM. Another possible explanation for the depleted 5'3C DOMpyy
values is DOC derived from microbial biomass of microbes using
methane as carbon source which is generally strongly depleted in '3C
(Hu et al., 2021).

We followed the approach by Lin et al. (2017) to test the mobiliza-
tion of DOCyg from sediments via hot-water fluid flow using Soxhlet
extraction. Our results showed that deeper sediments with hydrother-
mally altered organic matter had a lower proportion of total sedimen-
tary organic carbon (TOC) that is water extractable as DOC (i.e., lower
DOCwg %TOCy;; values), compared to shallow sediments containing
relatively young and less degraded organic matter (Fig. 2i). This sug-
gests that thermal alteration of the deeper sediments reduced the con-
tent of water-extractable DOC and as such the potential for carbon
mobilization via advective fluid flow. This is consistent with previous
observations in Guaymas Basin where hot, hydrothermally-altered
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surface sediments contained less water-extractable DOC than cooler
sediments (Lin et al., 2017). At Sites U1545 and U1547, where higher
temperature gradients were observed, the reduced DOCwg %TOCinit
values indicated that advective fluid flow has likely altered the
composition of sedimentary organic matter and porewater DOM, even if
current hydrothermal activity has stopped (Neumann et al., 2023). The
molecular DOM composition of DOMyg and DOMpy exhibited compa-
rable trends with sediment depth. For example, samples from depths
>200 mbsf were associated with high abundances of unsaturated DOM,
whereas shallower samples correlated with high O/C values in both
water-extractable and porewater DOM (Fig. 5). These consistent trends
between DOMyg, and DOMpy suggest that aqueous Soxhlet extraction is
a promising complementary approach for organic matter analyses,
especially when porewater availability is limited (Lin et al., 2017;
Schmidt et al., 2014).

Soxhlet extraction provides valuable insights into DOMwg dynamics
and composition (Lin et al., 2017; Schmidt et al., 2014), but it remains a
simplified proxy for hydrothermal mobilization. Our ultrapure-water
extractions were conducted under anoxic conditions, using wet sedi-
ments containing porewater, which increased salinity and matched the
lower range of the natural pH values (7.0-8.2). However, this approach
does not fully replicate in-situ hydrothermal conditions where variations
of salinity, hydrostatic pressure, and redox conditions occur on
geological timescales. Additionally, Soxhlet extraction was performed at
~100 °C under atmospheric pressure, whereas hydrothermal fluids in
Guaymas Basin range from ~4 °C to >300 °C, potentially affecting DOM
solubility, transformations, and mobilization potential of specific com-
pounds. Despite these limitations, our controlled approach provides key
insights into DOM hydrothermal mobilization. Thus, Soxhlet extraction
should be viewed as a first-order approximation that complements,
rather than directly simulates, natural hydrothermal processes (Lin
et al., 2017).

To compare relative DOM compound group abundances between
porewater and water-extractable samples, we used normalized data
(scaled between O and 1) based on intensity-weighted relative abun-
dances and DOC concentrations (using DOCpyw* and DOCyg*). Our re-
sults indicated a higher potential for hydrothermal DOM mobilization in
the central and southern Guaymas Basin Sites U1550 and U1551, which
had higher DOCwg* values compared to DOCpw* and which showed
higher relative abundances of all DOM compound classes than the other
sites (Supplementary material Fig. S10). In addition, differences in li-
thology between sites with hot/moderate temperature gradients and
cooler sites probably contribute to varying hydrothermal carbon mobi-
lization potentials. Sediments from Sites U1545 and U1547 are pri-
marily marine (diatom ooze and clay), whereas sediments at Sites
U1550 and U1551 have a higher terrigenous input (silt and clay) (Persad
and Marsaglia, 2023). Hence, the higher hydrothermal carbon mobili-
zation potential at these two sites appears to result from both sediment
composition and potentially lower hydrothermal alteration.

4.5. Hydrothermal DOM transport to the ocean

Diffusion of porewater from marine sediments is an important source
of DOC and DON to the ocean (Burdige and Komada, 2015). However,
the contribution of sedimentary fluxes to the global oceanic DON and
DOP pools is still not well understood (Burdige and Komada, 2015). In
the Guaymas Basin, porewater discharge and diffusion probably
contribute DONgpg and DOPgpg to near-bottom waters. This was sup-
ported by lower C/Ngpg (16) and C/Pgpg (1507 and 2902) values in
bottom water DOM collected above our study sites (Table 2) compared
to non-hydrothermally affected seawater DOM (C/Ngpg > 20, C/Pgpg >
2200) (Ksionzek et al., 2018). Additionally, the molecular DOM
composition of shallow subsurface porewater and bottom seawater (2 to
3 m above sediment surface) indicated a lower degree of degradation
(Ipgg 0.33-0.64, Fig. 4c, 0.45 and 0.69, respectively, Supplementary
Table S2) compared to deep-sea DOM elsewhere (Ipgg > 0.75, Atlantic
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Ocean) (Flerus et al., 2012). These results emphasize the role of benthic
DOM fluxes in transporting DOM to the overlying water.

DOM fluxes are not only driven by diffusion, but also vertical fluid
upwelling (up to 8 m kyr’1 at Site U1545 in <500 mbsf) (Sarkar et al.,
2022), and sediment compaction, leading to a DOC efflux of 27 Gg C
yr~! in the Guaymas Basin (Lin et al., 2017). Globally, sulfidic sediments
contribute 8 to 39 % of oceanic DOSgpg, (Ibrahim and Tremblay, 2023;
Phillips et al., 2022). In the Guaymas Basin bottom water, elevated
DOSspg concentrations (0.5 uM and 2.7 uM) and lower C/Sspg, values (57
and 115, near Ringvent Site U1547) (Table 2) compared with the deep
Pacific Ocean (DOSgpg 0.16 uM, C/Sgpg 250) (Phillips et al., 2022)
indicated benthic DOSgpg, fluxes to the ocean. Thus, our data support the
assumption that sulfidic hydrothermal systems are important contribu-
tors to the oceanic DOS pool (Gomez-Saez et al., 2016).

Future shallow magmatic emplacements in the study area might
mobilize and release large volumes of sedimentary carbon, for example
via outgassing of methane and COs (Lizarralde et al., 2011). Our
simplified hydrothermal mobilization experiments using hot-water
Soxhlet extractions suggest that unaltered and altered sediments have
the potential to release DOM. Consistent with previous studies, our
findings suggest that hydrothermal heating can mobilize DOM, indi-
cating that fossil and previously stable organic deposits may be remo-
bilized by sill emplacements (Lin et al., 2017; Lizarralde et al., 2011;
Lizarralde et al., 2023). Sediments generally release recalcitrant and
labile DOM (Fejjar et al., 2021), including marine DOS (Ibrahim and
Tremblay, 2023). Our data indicate that hydrothermal alteration can
influence the release of DOM from sediments, with hydrothermal DOM
discharge to the deep sea. This process may not only alter bottom water
chemistry (Lin et al., 2017) but could also have broader implications for
the deep-sea carbon cycle through the export of DOM, including DOS.

5. Conclusions

Our study highlights DOM dynamics in hydrothermally altered,
organic-rich subsurface sediments. Trends in DOM composition indicate
that microbial processes influenced the porewater DOM composition in
the shallow microbial active zones. Abiotic processes, on the other hand,
like DOM sulfurization, played a significant role in deeper, less micro-
bially active sediments. Furthermore, DOM accumulated with sediment
depth, presumably due to decreasing microbial activities at increasing
temperatures. Hydrothermal alteration strongly influenced the DOM
composition in sediments adjacent to sill intrusions.

Our laboratory experiments using hot-water Soxhlet extraction
indicated potential for carbon mobilization via hot-water advective fluid
transport, which decreased with higher hydrothermal alteration of the
sediments. In contrast to previous work, our study considers sediments
and porewater beyond the sediment surface of ocean margins and re-
veals that DOM persists in the deep subsurface. However, when active
sill emplacement alters sedimentary organic matter, advective fluid
transport is a source of DOM to the ocean, including DOSgpg, DONgpg
and DOPgp, that enters the overlying water at the Ringvent Site. Hence,
hydrothermal discharge not only sustains local benthic ecosystems by
providing bioavailable hydrocarbons but also has the potential to in-
fluence the deep-sea carbon pool by introducing recalcitrant DOM,
including DOSspg. We further conclude that hydrothermal activity in
organic-rich systems can disrupt sedimentary carbon storage by actively
remobilizing DOM.
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