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A mechanistic understanding of formation pathways of low-
molecular-weight hydrocarbons is relevant for disciplines such as
atmospheric chemistry, geology, and astrobiology. The patterns of
stable carbon isotopic compositions (δ13C) of hydrocarbons are
commonly used to distinguish biological, thermogenic, and abiotic
sources. Here, we report unusual isotope patterns of nonmethane
hydrocarbons in hydrothermally heated sediments of the
Guaymas Basin; these nonmethane hydrocarbons are notably 13C-
enriched relative to sedimentary organic matter and display an
isotope pattern that is reversed relative to thermogenic hydrocar-
bons (i.e., δ13C ethane > δ13C propane > δ13C n-butane > δ13C
n-pentane). We hypothesized that this pattern results from abiotic
reductive conversion of volatile fatty acids, which were isotopi-
cally enriched due to prior equilibration of their carboxyl carbon
with dissolved inorganic carbon. This hypothesis was tested by
hydrous pyrolysis experiments with isotopically labeled substrates
at 350 °C and 400 bar that demonstrated 1) the exchange of car-
boxyl carbon of C2 to C5 volatile fatty acids with 13C-bicarbonate
and 2) the incorporation of 13C from 13C-2–acetic acid into ethane
and propane. Collectively, our results reveal an abiotic formation
pathway for nonmethane hydrocarbons, which may be sufficiently
active in organic-rich, geothermally heated sediments and petro-
leum systems to affect isotopic compositions of nonmethane
hydrocarbons.
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Low–molecular weight (LMW) hydrocarbons (i.e., methane
through pentane [C1 to C5]) are widespread in marine sedi-

substantially depleted in 13C (more negative δ13C values) relative
to those formed by FTT reactions and thermogenic processes.
Lastly, biogenic methane is generally 13C-depleted relative to meth-
ane from other sources (4). For ethane and propane, a biological
formation pathway involving the reduction of acetate was suggested
(5). Volatile fatty acids (VFAs) are produced by thermal decompo-
sition of sedimentary organic matter (13–16) and may accumulate
to substantial levels in oil field waters (13, 17) and geothermally
heated subsurface sediments (16, 18). Notably, VFAs may serve as
potential substrates for the generation of C2+ hydrocarbons either
via biological processes (5) or via abiotic decomposition involving
decarboxylation and/or deformylation (19).

In this study, we investigated LMW hydrocarbons in 230
samples of both hydrothermally heated and cold sediments
from the Guaymas Basin and observed unusual carbon iso-
tope patterns for ethane, propane, n-butane, and n-pentane.
We note that none of the above-described formation
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ments (1–3) in which they may fuel chemosynthetic ecosystems 
or zones of intense microbial activity at or below the seafloor. 
Three principal sources exist for these compounds: biological 
processes that turn small carbon-bearing compounds into 
methane (4) and, in smaller quantities, its higher homologs (5), 
thermal cracking of kerogen and higher hydrocarbons (6), and 
abiotic production (7). Stable carbon isotopic compositions
(δ13C) of LMW hydrocarbon are a powerful tool that aids in dis-
tinguishing these sources (8, 9). Likewise, carbon isotope pat-
terns within the homologous series of LMW hydrocarbons have
diagnostic values (SI Appendix, Fig. S1  A–E). That is, δ13C values  
of thermogenic hydrocarbons, formed from thermal cracking of 
kerogen, increase with carbon number (e.g., refs. 10 and 11). By 
contrast, abiotic hydrocarbons formed via Fischer–Tropsch type 
(FTT) reduction of aqueous CO2 (12) or from polymerization of 
methane (9) are increasingly depleted in 13C with increasing car-
bon number, resulting in an inverse isotope trend compared to 
thermogenic production. Accordingly, methane formed via FTT 
reactions is typically isotopically enriched in 13C (less negative
δ13C values) relative to thermogenic methane, while nonme-
thane hydrocarbons formed by polymerization of methane are
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pathways can satisfactorily explain the isotopic ordering of
the nonmethane hydrocarbons observed in the hydrother-
mally impacted sediments of the Guaymas Basin (SI
Appendix, Fig. S1F). The Guaymas Basin is a unique locality
where rapid deposition of organic-rich sediments combined
with hot basaltic sill intrusions into the unconsolidated sedi-
ments results in rapid heating of young, immature organic
matter. This causes the generation of large amounts of com-
plex petroleum-like compounds (20–24), LMW hydrocarbons
(25, 26), VFAs (27), and ammonia (28), which migrate
upwards with the hydrothermal fluids to fuel a flourishing
seafloor ecosystem (29, 30).

Given the unusual isotope patterns of C2 to C5 hydrocar-
bons, we explored the potential for an alternative formation
pathway involving reductive conversion of VFAs and prior
equilibration of their carboxyl groups with ambient dissolved
inorganic carbon (DIC). Thus, we conducted sequential
hydrous pyrolysis experiments amended with 13C-labeled DIC
and acetate to assess whether this pathway can produce and
explain the observed isotope pattern.

Results and Discussion
Push core samples were retrieved from Guaymas Basin sedi-
ments at 11 different sites, spanning temperatures from 3 ˚C at
the sediment surface to 180 ˚C at 40 to 50 centimeters below
the seafloor (SI Appendix, Table S1 and Figs. S2 and S3).
Except for the off-axis site Octopus Mound located at the cen-
tral seep (31, 32), the remaining 10 research sites were located
in the southern trough, which were hydrothermally highly active
(33). While most of these sites were clustered within ∼500-m
distance, Northern Tower Site 2 and Site 3 were located further
north in the trough (32). At all sites, we observed high amounts
of LMW hydrocarbons (Dataset S1).

Microbial Overprint of Isotopic Compositions from Deeply Sourced
LMW Hydrocarbons. A large fraction of the LMW hydrocarbons
is formed in the deep subsurface, where basaltic sill intrusions
result in thermogenic degradation of immature organic matter
(26). The δ13C values from samples obtained in the tempera-
ture range of ∼150 to 180 ˚C are characteristic of these deeply
sourced hydrocarbons, because these samples have presumably
not been impacted by biological processes, as observed in
colder sediments (Fig. 1). At these high temperatures, methane
carried a typical thermogenic signal (�42.8 6 0.4&, mean 6
SD, and n = 8), consistent with methane δ13C values reported
at deeply buried sills (34). However, the C2 to C5 hydrocarbons
exhibited unusual 13C enrichments and an isotope pattern that
conforms to neither a traditional thermogenic origin nor a
known abiotic production pathway (cf. Unusual Isotope Pattern
for LMW Hydrocarbons in the Guaymas Basin).

At in situ temperatures of 3 to 60 ˚C, vigorous microbial
activity is commonly observed in Guaymas Basin sediments
(35). Within this temperature range, δ13C1 values spanned a
wide range from �81.7 to �7.5& (Fig. 1). The most-negative
values strongly suggest the activity of biological methanogene-
sis, while the least negative values probably result from the
activity of anaerobic methane-oxidizing communities in cooler
surface sediments (cf. refs. 35–37). The microbially sourced
admixtures of methane are also indicated by the abundance
ratios of C1/(C2+C3) (2). At the central seep site Octopus
Mound, where in situ temperatures in the sediment core did
not exceed 3 ˚C, C1/(C2+C3) ratios (319 6 137, mean 6 SD,
and n = 24) and relatively negative δ13C1 values (�81.7 to
�55.3&) indicate admixtures of methane from microbial sour-
ces (32) (Dataset S1). Likewise, δ13C of nonmethane hydrocar-
bons showed notable, mostly positive, deviations from the
deeply sourced values observed at temperatures above 150 ˚C.

For example, δ13C2, δ13C3, δ13C4, and δ13C5 reached respective
values as high as +4.5&, �6.3&, �8.9&, and �15.0& (Fig. 1).
We attribute these deviations to isotopic fractionation induced
by biologically mediated oxidation, consistent with the presence
and activity of hydrocarbon-oxidizing microbes in the shallower
hydrothermally warmed sediments of the Guaymas Basin
(38–40), including anaerobic methane-oxidizing communities
(e.g., refs. 36, 37, and 41). Although ethane is presumed to be
the most chemically inert LMW hydrocarbon under anaerobic
conditions with retarded microbial utilization (42), extraordi-
nary 13C-enriched ethane values of up to +4.5& at one sedi-
ment core (4484-6) from the Mat Mound site, which is situated
below 40 ˚C, are suggestive of microbial oxidation as prominent
process (43). Indeed, microbial anaerobic oxidation of ethane,
propane, and n-butane takes place under sulfate-reducing con-
ditions at mesophilic to thermophilic temperatures (38–40,
43–46) as found in the Guaymas Basin.

Unusual Isotope Pattern for LMW Hydrocarbons in the Guaymas
Basin. Above 80 ˚C, which has been proposed as the upper ther-
mal limit for hydrocarbon-degrading microbes in subsurface
hydrocarbon reservoirs (47), δ13C1 values exhibited a narrower range
between �43.5 and �35.0& and C1/(C2+C3) ratios were
between 5.5 and 81.9 (Fig. 1 and Dataset S1). This trend
points to a diminished impact of microbial processes and to a
predominantly thermogenic origin of methane at these ele-
vated temperatures, as reported previously (34). In addition,
δ13C values for the nonmethane hydrocarbon were relatively
uniform compared to those at lower temperatures. In partic-
ular, δ13C values of propane and ethane ranged between
�19.3& to �9.6& and thus were enriched in 13C relative to
total organic carbon (TOC) values (δ13CTOC: �21.5& to
�20.6&) (Fig. 1).

We defined the mean isotopic compositions of hydrocarbons
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Fig. 1. Carbon isotopic compositions (δ13C) of C1 to C5 hydrocarbons and
TOC in a wide range of in situ temperatures at the Guaymas Basin. Sam-
ples were retrieved from Guaymas Basin sediments at 11 different sites (SI
Appendix, Table S1). Data from a small fraction of samples (11 out of 230)
were published previously (43) (Dataset S1).

detected in samples with in situ temperatures >80 ̊ C as hydro-
thermal endmember values, which are only minimally impacted
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Experimental Evidence for n-Alkane Synthesis through Reductive
Conversion of Acetic Acid. As no known pathways and mecha-
nisms provide a conclusive explanation for the unusual isotope
signatures in LMW hydrocarbons at the Guaymas Basin, we
considered an alternative mechanism involving the reductive
conversion of VFAs to n-alkanes as potential mechanism to
generate C2 to C2+n hydrocarbons with the observed isotope
pattern. The reason for considering such a mechanism is a simi-
larly reversed isotope pattern in the series of VFAs, from acetic
acid through valeric acid, in oil field waters of the San Joaquin
Basin (54); this isotope pattern resembled that of the corre-
sponding hydrocarbons in our study (Fig. 2). In that study, the
δ13C values in the acid components increased with decreasing
molecular weight and were generally higher than their synge-
netic oils (54), in analogy to the isotopic enrichment of ethane,
propane, n-butane, and n-pentane relative to TOC observed in
our samples. The authors suggested that exchange of the car-
boxylic carbon of VFAs and the isotopically heavier DIC was
the cause of 13C enrichment in the acid (54) and provided addi-
tional supporting evidence by hydrous pyrolysis of oil-prone
source rocks (55).

We consequently explored whether reductive conversion of
VFAs may act as alternative formation pathway for LMW
hydrocarbons within the hydrothermal sediments of the Guay-
mas Basin. In conjunction with an isotopic equilibration of the
carboxylic acid carbon and ambient DIC, reductive conversion
of VFAs would result in isotopically heavy C2 to C5 hydrocar-
bons and a reversed isotope pattern. Both the high abundance
of VFAs (27) and H2-rich hydrothermal fluids (3, 56, 57) in the
Guaymas Basin provide favorable conditions for these reac-
tions. Gibbs free-energy computations further indicate that
reduction of acetic acid to ethane is thermodynamically favor-
able under environmental conditions pertinent to the Guaymas
Basin subsurface (SI Appendix, Fig. S6). These reactions proba-
bly take place in the subsurface in the vicinity of sill intrusions
at substantially higher temperatures than those observed in the
sampled shallow cores. This is consistent with the 14C dating of
petroleum-like compounds and methane in the Guaymas Basin,
which place the reaction zone at no greater than about 10- to
30-m sediment depth for petroleum and at least 50 m for meth-
ane (23, 58) in the Guaymas Basin.

In order to test the hypothesis involving isotopic equilibra-
tion of carboxylic carbon with DIC followed by reductive
conversion of VFAs to hydrocarbons at high temperatures, we
conducted four hydrous pyrolysis experiments (Table 1; hereaf-
ter referred as Exp. I, II, III, and IV). We designed these
experiments primarily to demonstrate the feasibility of the
pathway and to optimize yields of products without attempting
to simulate in situ conditions. For this, we mixed warm hydro-
thermal sediment retrieved from the temperate hydrothermal
mat area sampled during Alvin dive 4861 (core 4861–36) (32)
(SI Appendix, Table S1) with artificial seawater (59) (see Materi-
als and Methods) at an initial fluid/sediment ratio of 7 to 11 and
heated the mixture to 350 ˚C at 400 bars. In Exp. I, the mixture
was amended with 13C-labeled bicarbonate (∼9,300&) and
unlabeled VFAs (acetic acid through n-valeric acid, with δ13C
between �40 and �20&). After 24 h, we observed highly
13C-labeled VFAs ranging from 209 to 979&, while δ13CDIC

dropped to ∼2,400& (Fig. 3A and SI Appendix, Table S2).
Isotope exchange of carboxylic carbons of VFAs and DIC pro-
ceeded rapidly, forming a reversed isotope pattern for VFAs
(Fig. 3A). This observation is in accordance with the propor-
tionally decreasing contribution of 13C-enriched carboxylic
carbon in VFA with increasing carbon chain length. This exper-
imental result confirms an exchange of carboxylic carbon
between VFAs and DIC under hydrothermal conditions (Eq. 1
in Fig. 4).

by microbial processes. The averaged values for samples above 
80 ̊ C were �40.8 6 2.3& (mean 6 SD and n = 23) for meth-
ane, �12.1 6 1.2& (mean 6 SD and n = 23) for ethane, �15.9 
6 2.9& (mean 6 SD and n = 23) for propane, �19.9 6 1.8& 
(mean 6 SD and n = 21) for n-butane, and �20.9 6 1.4& 
(mean 6 SD and n = 19) for n-pentane. While δ13C1 values 
indicate a predominant thermogenic source for methane (34),
the isotope pattern of C2+ hydrocarbons is reversed relative to 
that of the conventional thermogenic hydrocarbons (SI 
Appendix, Fig. S1 A and F).

Similar reversed isotope patterns for C2+ hydrocarbons have 
been reported in other geologic settings and were explained as 
a result of, for example, FTT reactions (12) or methane poly-
merization (SI Appendix, Fig. S1 B and C and ref. 9). Alterna-
tively, subsurface mixing of LMW hydrocarbons generated 
from kerogen with those generated by secondary cracking of oil 
and condensate (48) or other processes could result in anoma-
lously 13C-enriched hydrocarbons. While we cannot rule out 
the aforementioned processes, none of these scenarios satisfac-
torily explains the isotopic and compositional patterns observed 
in this study as discussed in detail in the supporting text (SI
Appendix). In brief, δ13C1 values are substantially lower than 
those predicted for FTT reactions, and nonmethane hydrocar-
bons formed via methane polymerization would be depleted in
13

C relative to methane (49). Moreover, in the organic-rich set-
ting of the Guaymas Basin, which serves as a model for the 
rapid thermal degradation of organic matter, it is unlikely that 
reduction of CO2 via FTT reactions constitutes the predomi-
nant pathway of hydrocarbon formation.

In line with the geological requirements that support the sub-
surface mixing scenario (48), the LMW hydrocarbons in our 
samples probably represent mixtures of products that were 
formed over a wide range of temperatures and sediment depths. 
Because of the high heat flow and the hydrothermal circulation, 
the generation, expulsion, and migration of hydrocarbons 
occurred nearly simultaneously on millennial timescales (e.g., 
ref. 50). While we cannot rule out secondary cracking reactions, 
it is unlikely that these have exerted major control on the isoto-
pic composition of LMW hydrocarbons in the dynamic system of 
Guaymas Basin. This view is supported by the absence of nega-
tive correlations between δ13C values of ethane and propane and 
their abundance ratios relative to higher hydrocarbons (SI 
Appendix, Fig. S4 D and E). In addition to thermolytic cracking 
reactions, the oxidation of hydrocarbons could result in 13C 
enrichment of the residual hydrocarbon pool. While the micro-
bially mediated oxidation of LMW hydrocarbons is presumably 
irrelevant at temperatures >80 ̊ C (35, 47), abiotic oxidation may 
have resulted in such 13C enrichment of ethane and propane, as 
previously suggested for the Main Endeavor Field at the Juan de 
Fuca Ridge (51). Indeed, the positive correlation between C1/
(C2+C3) ratios and δ13C values of ethane and propane for sam-

ples situated at temperatures >80 ̊ C (SI Appendix, Fig. S4 B 
and C) may hint at a potential role of abiotic oxidation of ethane 
and propane. However, no straightforward picture emerges 
based on isotopic compositions, relative distributions, and the 
absolute concentrations of C2+ hydrocarbons (SI Appendix, 
Supplementary Text and Dataset S1) regarding the relevance of 
abiotic oxidation for shaping the isotope patterns of LMW 
hydrocarbons. Finally, the scenario of ethane and propane being 
produced from strongly 13C-enriched, highly mature kerogen 
appears unlikely given that sedimentary kerogen in the deep 
subsurface of Guaymas Basin is not conspicuously 13C-enriched 
(52). Moreover, strong 13C enrichment is only observed in highly 
metamorphosed organic matter with H/C ratios below 0.1 (53)
(i.e., values probably incompatible with a significant potential of 
hydrocarbon production). Therefore, some additional sources 
for the HMW hydrocarbons are required to satisfactorily explain 
their isotopic compositions and isotope reversal in our samples.
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In experiments II through IV, the basic setup and sediment
material was identical to Exp. I, but label was introduced via
addition of 13C-2-sodium acetate (ca. 4,000&), and reducing
conditions were established by addition of either 10 mM (Exp.
II) or 100 mM (Exp. III and IV) of sodium formate (Table 1
and ref. 60). We designed these experiments to verify the trans-
fer of the acetic acid–derived methyl carbon atom into ethane
and possibly its higher homologs. In Exp. IV, sulfate was
excluded from the artificial seawater to enhance the reducing
power, resulting in the highest-H2 concentration (Table 1 and
SI Appendix, Table S3). We will primarily focus our discussion
on the contrasting results of Exp. II and IV, which represent
moderately versus strongly reducing conditions, respectively. In
both experiments, we detected the formation of 13C-enriched
ethane, with δ13C values ranging from 3.1& to 25.3& in Exp.
II and from 31.4& to 78.3& in Exp. IV after 72 and 240 h (Fig.
3B and SI Appendix, Table S3). Surprisingly, we also observed
13C-enriched propane whose δ13C values were higher than
those of ethane in both experiments, ranging from 12.7& to
56.4& (Exp. II) and from 118& to 261& (Exp. IV) after 72 to
240 h (Fig. 3B and SI Appendix, Table S3). Both ethane and
propane were more 13C-enriched in Exp. IV, in which reducing
conditions were stronger, suggesting the presence of a reductive
pathway involving acetic acid and other intermediates (Fig.

3B). Importantly, incorporation of the 13C label in C-3 com-
pound propane suggests that acetic acid must undergo other
reactions in addition to its mere reduction.

In the employed analytical window comprising LMW hydro-
carbons and other LMW and water-soluble components, we
identified potential intermediates based on their incorporation
of 13C label. These were the C-2 compound ethene and the two
C-3 compounds acetone and propene, all of which were more
strongly labeled than the products ethane and propane (Fig. 4
and SI Appendix, Table S3). The formation of 13C-enriched eth-
ene is consistent with a stepwise reduction of acetic acid, possi-
bly in analogy to the proposed stepwise reduction of formic
acid to methane under hydrothermal conditions (61). Accord-
ingly, the putative intermediate ethene could, for example,
result from reduction of acetic acid to ethanol (62) and subse-
quent dehydration (Eq. 2 in Fig. 4). The presence of strongly
13C-labeled C-3 compounds such as acetone and propene, with
δ13C values of up to ∼1,300& and ∼800&, respectively (SI
Appendix, Table S3), calls for a mechanism involving the fusion
of two acetic acid molecules. Indeed, acetone can be formed
from reaction of two molecules of acetic acid through bimolec-
ular ketonization on surfaces of zeolites and metal oxides such
as MgO and MnO2 (63). The ketonization process may involve
reactions of highly reactive methide anions from thermal decar-
boxylation of acetic acid (e.g., refs. 64 and 65). Consequently,
the methyl groups from two molecules of acetic acid (13C
labeled in our experiments) are translated into the methyl
groups of the acetone (63). The relatively low δ13C values for
acetone in comparison to acetic acid suggests that additional
reactions independent of acetic acid as reactant contribute to
the acetone pool. Subsequently, 13C-enriched propene could be
formed from hydrogenation of 13C-enriched acetone to
2-propanol followed by dehydration (e.g., ref. 66). Eventually,
hydrogenation of 13C-enriched propene results in 13C-enriched
propane. These partial reactions, which are consistent with the
identified 13C-labeled intermediates and products, are summa-
rized in net Eq. 3 (Fig. 4). This mechanism is further supported
by a positive correlation between natural δ13C values of pro-
pane and ethane and a good fit between predicted and natural
δ13C3 values versus natural δ13C2 (SI Appendix, Fig. S7).

We note that in the two relatively oxidizing Experiments II
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Fig. 2. Comparison of isotopic patterns of C2 to C5 hydrocarbons from the Guaymas Basin and the corresponding VFAs in oil field waters from the San
Joaquin Basin. (A) δ13C values of nonmethane hydrocarbons, ethane through n-pentane (C2 to C5), and TOC at Guaymas Basin in this study at in situ tem-
peratures >80 °C. Data were collected from 23 samples of the following sampling sites: T-logger mat/Marker 14, Megamat, INSINC (in situ incubator) Mat
I, and Cathedral Hill/Marker 24 in which in situ temperatures were >80 °C (Dataset S1). (B) δ13C values of VFAs, acetic acid through n-valeric acid (C2 to
C5), and their coproduced oil from oil field waters of the San Joaquin Basin at temperatures of 96 to 135 °C. Data were taken from ref. 54.

Table 1. Initial concentrations (millimoles/liter fluid) of aqueous
species and measured H2 in Exp. I through IV

Components Exp. I Exp. II Exp. III Exp. IV

13C-DIC (10% labeled) 14.4 — — —

DIC — — 2.8 1.1
13C-2-Acetic acid (10% labeled) — 21 22 29
Formic acid — 11 103 136
Acetic acid 1.0 — — —

Propionic acid 0.7 — — —

n-Butyric acid 0.8 — — —

n-Valeric acid 0.3 — — —

SO4
2� 27 27 28 4.8

*H2 0.05 0.03 12 23

Experiments were conducted at 250 °C (in the first 24 h of Exp. II) to 350 °C 
and 400 bars. Refer to SI Appendix, Tables S2 and S3 for details. *H2 

concentration in Exp. I after 120 h and in Exp. II, III and IV after 72 h.
and III, we have also detected 13C-labeled propionic acid (SI
Appendix, Table S3). While its presence is not fully conclusive,
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it is consistent with the above-mentioned mechanism. Since
1-propanol is a byproduct of the acid-catalyzed dehydration of
2-propanol (67), the detected 13C-labeled propionic acid could
then originate from oxidation of 1-propanol in the experiments
with higher seawater sulfate levels, at which increasingly oxidiz-
ing conditions were established after the release of H2 from for-
mic acid had ceased. Alternatively, a fraction of propionic
acid may also be formed from oxidative degradation of 13C-
labeled alkenes detected in these experiments (e.g., ref. 68).
Other side products include 13C-enriched methane, formed
from decarboxylation of acetic acid under high temperature in
all experiments (19), and an increase of 13C enrichment of DIC

in Exp. II, resulting from enhanced oxidation of acetic acid in
this experiment (19). Aside from C-1 to C-3 products, we have
also detected strongly 13C-labeled butene and pentene in the
Experiments III and IV (SI Appendix, Table S3). Although their
formation pathway can only be resolved with targeted experi-
ments involving other 13C-labeled reactants, an analogous set
of reactions involving propagation of reactive methide anions
and reduction reactions is conceivable.

The low 13C enrichment in ethane and propane relative to
the 13C content of the acetic acid pool (δ13C of ∼4,000&) sug-
gests that under the experimental conditions, the major fraction
of both hydrocarbons is derived from unlabeled precursors
associated with the immature sedimentary organic materials.
However, the increasing accumulation of 13C label in hydrocar-
bons over the course of the experiment indicates progressive
transfer of the acetic acid’s methyl carbon into these com-
pounds (Fig. 3B). Mass–balance constraints (see Materials and
Methods) suggest that acetic acid–derived hydrocarbons
increased with time and accounted for ∼1 to 3% of total ethane
and 1 to 5% of total propane in Exp. II and IV after 72 to 240
h of heating (Fig. 3C and SI Appendix, Fig. S8). We note that
the relative production rates of hydrocarbons from unlabeled
versus labeled precursors have influenced the differences in rel-
ative yields of acetic acid–derived ethane and propane in the
respective hydrocarbon pools, as illustrated by the compara-
tively similar molar yields of ethane and propane (Fig. 3C).

The proposed reaction pathways involving retention of one
acetic acid–derived aliphatic carbon atom in ethane and two
acetic acid–derived aliphatic carbon atoms in propane are
consistent with the natural isotopic compositions of these
hydrocarbons in the Guaymas Basin. Accordingly, because of
the equilibration of the carboxylic carbon of the acetic acid with
relatively 13C-enriched ambient DIC in the hot Guaymas Basin
subsurface (Eq. 1 in Fig. 4), the conversion of acetic acid will
result in stronger 13C enrichment in the C-2 products compared
to the C-3 products. By analogy, reductive conversion of propi-
onic acid and longer-chain VFAs could similarly contribute to
the formation of propane and higher hydrocarbons n-butane
and n-pentane, but dedicated experiments with the respective
reactants are required for verification. Accordingly, the
observed isotope patterns of LMW hydrocarbons in Guaymas
Basin sediments could reflect the predominant accumulation of
hydrocarbons generated via reactions of acetic acid and its
higher homologs rather than via thermogenic degradation of
organic matter (Fig. 4). A possible reason could be the rapid
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Fig. 3. Results from hydrous pyrolysis experiments with Guaymas Basin sediments after addition of 13C-labeled tracers. (A) δ13C values of DIC and VFAs
(acetic acid through valeric acid) during Exp. I with an addition of 10% 13C-labeled DIC (9257&) and unlabeled VFAs. δ13C values of ethane and propane
(B) and molar yields and percentage of ethane and propane (C) that incorporated 13C label from 13C-2–acetic acid (4,554& and 4,357&, respectively) in
Exp. II and Exp. IV after 72 to 240 h (calculated according to the stoichiometry of Eqs. 2 and 3 in Fig. 4). Refer to Table 1 for the experimental conditions.

Fig. 4. Reaction scheme for the formation of ethane and propane from 
acetic acid. The relative contributions of hydrocarbon generation via acetic 
acid conversion versus thermogenic degradation of organic matter under 
laboratory (blue) and natural conditions (black) are visualized by different 
thicknesses of arrows; thicker lines indicate higher production under the 
corresponding conditions. Carboxyl carbon (indicated with *) exchange 
reaction is indicated by Eq. 1, and pathways for ethane and propane 
formed from conversion of acetic acid and the corresponding reaction 
intermediates are indicated by Eqs. 2 and 3, in which carbon atoms origi-
nating from 13C2–acetic acid in the experiments are highlighted in red.
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Reference Interface Connect and autosampler (Thermo Fisher Scientific), as
described previously (71). The internal precision was<0.2&.

TOC. A total of ∼1 g of freeze-dried sediment was decalcified and analyzed
with continuous-flow elemental analyzer–isotope ratio mass spectrometer for
the content and isotopic compositions of TOC. The internal precision is60.1&.

Hydrous Pyrolysis Experiments. Four hydrous pyrolysis experiments (Exp. I, II,
III, and IV) were conducted using a customized Dickson-type flexible reaction
cell setup (Parr Instruments) with no vapor present. Sediments from core
4861–36 were used: 20 to 25 g sediments with initial porewater/sediment
mass ratio of ∼1:1 in Exp. I through III and 7 g freeze-dried materials in Exp. IV.
A total of ∼70 to 80 g of artificial seawater (cf. ref. 59; sulfate and Mg were
excluded in Exp. IV) were transferred with sediments into a gold reaction cell
(Vtotal ∼ 100 mL), resulting in an initial fluid/sediment ratio of 7 to 11. Pressure
in all experiments were set to 400 bars. Temperature was set to 350°C, with
the exception that in Exp. II, the temperature was set at 250°C for first 24
h before elevated to 350 °C. Experiments were performed for a total of 288
h (Exp. I), 408 h (Exp. II), 72 h (Exp. III), and 240 h (Exp. IV). Fluid sample was
taken to fill up a 1.5-mL vial and stored upside down at 4 °C for DIC concentra-
tion and isotopic composition measurement. DIC isotopic compositions were
not measured for the Exp. IV due to the shutdown of IRIS; instead, CO2 isoto-
pic compositions in the corresponding samples were measured with GC-IRMS.
A total of ∼1mL offluid was taken for VFA concentration and isotopic compo-
sition measurements. In addition, samples for LMW hydrocarbon concentra-
tion and isotopic composition measurements were stored in headspace vials,
which were preflushed with N2 and sealed with butyl rubber septa. For this, 1
to 2 mL of fluid were taken from the reaction cell into a 5-mL gas-tight
syringe. With a freely moveable plunger, the fluid sample and the gas phase
unmixing from the fluid upon depressurization were allowed to equilibrate
(expand) to ∼1 atm within the closed syringe. Then, a volume of N2 equal to
the total volumewithin the syringe (fluid + unmixed gas) was drawn from the
headspace vial to avoid overpressure, prior to transferring the contents of the
syringe into the headspace vials. The instrumental methods are the same as
described before. Between 1 and 2.5 mL of fluid were taken for H2 concentra-
tion measurements; after equilibration between fluid and headspace, gas in
headspace of a 5-mL syringe was directly injected to a GC equipped with ther-
mal conductivity detector.

Isotopic Mass–Balance Calculations. In the isotopic mass–balance calculations,
ethane and propane produced in the experiments are considered a mixture of
products from reduction of 13C-2–acetic acid and through thermal decomposi-
tion of sedimentary organic matter. The δ13C values of hydrocarbons are esti-
mated using a two-source, endmember-mixing approach (cf. ref. 72):

IHC ¼ fsed × Ised þ fAc × IAc, [1]

fsed þ fAc ¼ 1, [2]

transfer of thermally immature sedimentary organic matter into 
the oil window.

Collectively, our results indicate a formation mechanism 
involving carboxyl carbon exchange of acetic acid followed by 
its abiotic reductive conversion to nonmethane LMW hydrocar-
bons in reducing hydrothermal sediments. In such a system, 
ongoing hydrothermal decomposition of sedimentary organic 
matter results in significant generation of organic acids, which 
incorporate inorganic carbon through rapid carbon exchange 
with DIC at high temperatures. Continuous reductive conver-
sion of organic acids to nonmethane hydrocarbons then ulti-
mately results in the unusual systematic isotope pattern 
observed at the Guaymas Basin. While conventional thermo-
genic LMW hydrocarbons may account for a proportion of the 
hydrocarbon pool, their isotopic signals appear to be over-
printed by these reductive processes. It is conceivable that this 
process also occurs in other similar sedimentary systems; thus, 
its effects on isotopic compositions of nonmethane hydrocar-
bons should be taken into consideration.

Materials and Methods
A total of 21 push cores were collected for hydrocarbon analysis from hydro-
thermally active and inactive sediments by deep-sea submersible Alvin at 11 
sites (SI Appendix, Table S1) during three expeditions conducted by the R/V 
Atlantis in the Guaymas Basin in 2008, 2009, and 2016. Before sampling, tem-
perature profiles at each sampling site were recorded using Alvin’s external 
heat-flow probe, as described elsewhere (69).

LMW Hydrocarbons. Volumes of 2 to 5 mL of fresh sediment were taken 
within 4 h after core recovery by a head-cut syringe in 2-cm intervals and 
placed in headspace vials containing 5 mL of 1 M NaOH solution, crimp sealed 
with butyl rubber septa, and stored upside down at �20 °C for further analy-
sis. Mixtures in headspace vials were homogenized by gently shaking over-
night in room temperature. Concentrations of LMW hydrocarbons were 
defined by Trace gas chromatography (GC) equipped with a flame ionization 
detector. A carboxen 1006 PLOT column (30 m × 0.32 mm, SUPELCO) was 
equipped for analysis of methane with temperature set at 40 °C (held for 6 
min). A AT-Q column (30 m × 0.32 mm, Alltech) was applied for the analysis of 
C2 to C5 higher alkanes, with a temperature program of 60 °C (held for 1 min) 
to 240 °C (held for 7 min) at a rate of 40 °C/min. The molar fraction of LMW 
hydrocarbons was calculated by injection of known quantities of hydrocarbon 
gas standards (Air Liquide). It should be noted that since the push cores were 
not collected in gas-tight sampling devices, degassing of volatiles is unavoid-
able in gas-rich porewater. Because of the higher volatility of methane rela-
tive to ethane and propane, C1/(C2+C3) values reported here are minima.

The determination of stable carbon isotope ratios of LMW hydrocarbons 
was performed by GC coupled to Delta Plus XP isotope ratio mass spectrome-
ter (GC-IRMS) via a combustion interface-III (all from Thermo Finnigan GmbH). 
The applied column and temperature program were identical to those for the 
concentration measurements. The internal precision was 60.5&. Stable car-
bon isotope ratios were reported in δ13C notation (per mil, &) relative to the  
Vienna Peedee Belemnite Standard (VPDB), with δ13C = (Rsample-RVPDB)/RVPDB × 
103, where R= 13C/12C and  RVPDB = 0.0112372 6 2.9 × 10�6. The precision of 
the gas measurements was evaluated by replicate injections of hydrocarbon 
gas standards (Air Liquide). The average δ13C values for the standard gas mix-
tures were δ13C1= �39.9 6 0.02& (mean 6 SD and n = 3), δ13C2 = �29.2 6 
0.29& (mean 6 SD and n = 3), δ13C3 = �31.6 6 0.18& (mean 6 SD and n = 3), 
δ13C4 = �33.1 6 0.18& (mean ≥ SD and n = 3), and δ13C5= �27.9 6 0.17& 
(mean 6 SD and n = 3). δ13C values were not reported in cases in which the 
concentrations were below the instrumental detection limit (e.g., peak area 
of CO2 < 0.5 Vs) converted from hydrocarbons on GC-IRMS, corresponding to 
a concentration of ∼4 mmol C/L sediment porewater. Precision and accuracy of 
the instrument is regularly tested with standards.

Porewater Geochemistry. Porewater was obtained by Rhizon samplers at 
1-cm intervals upon core retrieval onboard. Samples for VFA analysis were 
stored at �20 °C. For DIC analysis, 2-mL vials were completely filled with pore-
water and stored upside down at 4 °C until analysis. The concentration and 
δ13C values of VFAs were analyzed onshore by isotope ratio monitoring liquid 
chromatography/mass spectrometry as described previously (70). The internal 
precision was <1&. Carbon isotopic compositions of DIC were defined using a 
Delta Ray Isotope Ratio Infrared Spectrometer (IRIS) equipped with 
Universal

where IHC is measured δ13C value for hydrocarbon at different experimental 
time points. Ised is measured δ13C value for thermogenic gas obtained from 
Exp. I during which no artificially reducing conditions were established; conse-
quently, the released gases are assumed to be predominantly of thermogenic
origin. IAc is δ13C value of acetic acid at the beginning of each experiment. fsed 

and fAc are the mass fraction contributions from thermogenic gas and gas 
from acetic acid reduction; therefore, fAc is used to estimate the molar concen-
tration of hydrocarbons derived from reductive conversion of acetic acid.

Data Availability. All study data are included in the article and/or supporting 
information. Previously published data were used for this work (43, 73).
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