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Juerg M. Matter*

Methane (CH 4) is common in fluids sourced from low-temperature hydrating (serpentinizing)
peridotites, but the carbon sources, rates, and mechanisms of CH 4 formation are uncertain. InCH 4
dissolved in groundwaters pumped from four wells of up to 400 m depth in the Samail Ophiolite, Oman,
we observed 14 C contents ranging from radiocarbon-dead to 0.3038 £ 0.0015 fraction modern.
Chemical and isotopic analyses of groundwaters and hydrocarbon gases align with microbiological
data indicating that methanogens inhabiting H 2-rich (> 100pumolL 1), pH > 11 fluids produce the
14 C-rich CH 4. This “young” microbial CH 1 constitutes a portion of the light hydrocarbons dissolved in
the subsurface fluids, which also contain a distinct pool of relatively 1*C- and ?H-enriched CH 4 and C,,
alkanes that are likely abiotic and older. Our study of groundwaters accessed via wells complements
prior studies, which have mostly found 1*C-free, gas-phase CH, from natural seeps in ophiolites and
interpreted an abiotic source from unsaturated rocks. Most importantly, our radiocarbon data show
that transport and localized conversion of atmospheric CO 5 to CH 4 in peridotites reacting with water
at temperatures <60 "C occurs at surprisingly fast rates, within the last 10 000 years.

The system carbon-oxygen-hydrogen (C-O-H) within exposures of ultramafic rock as found in ophiolites
has broad relevance to volatile exchange with the atmosphere, subsurface microbiology, and the potential for
engineered acceleration of fluid-rock reactions including economic production of geologic hydrogen (H,)
and carbon mineralization !-3. At temperatures < 400°C and pressures < 100 MPa, ultramafic rocks such as
peridotite hydrate and oxidize (serpentinize), forming variable amounts of serpentine, magnetite, brucite, H 2, and
other phases, which can coexist with alkaline (pH 8 to 9) and hyperalkaline (pH 10 to 13) aqueous fluids*. Where
serpentinization occurs under reduced, low fluid-rock ratio conditions, methane ( CH4) is thermodynamically
predicted to be the predominant carbon species in the fluids**. However, laboratory experiments have found
strong kinetic inhibitions to the abiotic reduction of aqueous inorganic carbon to CH,f. In contrast, experiments
with CO, and H, in gas phase have produced CH, over a wide range of temperatures, down to 25 °C in the
presence of metal2 bearing catalysts, especially those containing ruthenium, which is found in accessory minerals
associated with chromite in ophiolites®'2. Another known CH, production route involves fluid inclusions
formed in the ocean crust and mantle lithosphere that create closed-system conditions wherein gas-phase CO,
and H, can form and interact with surfaces within crystals, mostly at temperatures >200 °C'*~'. CH,-bearing
fluids in these inclusions can be stored over millions of years and later released through decrepitation at lower
temperatures.

Globally, most CH, C measurements from serpentinization settings have had minor or no detectable 1C. In
all of five 14C analyses of CH, from ophiolites in Spain, Turkey, Italy, and the Philippines'’~*’, "C contents have
been below detection limits (F”C typically <0.002, practically radiocarbon-dead). Four of four CH, "C analyses
on samples from wells in the Hakuba Happo continental serpentinite in Japan had low but statlstlea]ly non-zero
F!“C values ranging from 0.0017 +0.0002 to 0.0065 + 0.0002?'. One of one CH, sample from the ophiolite-hosted
Bulqizé chromite mine in Albania had F'4C of 0.0376 +0.0006%2. Three of three CH , samples from the Prony Bay
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Well

Depth to

water /[m]

— =
Pump depth/[m] | [mS cm™1] Temperature/°] | pi | Eimv) | 2>~ [T ca [sor [

NSHQI14

B.36

84 2.43 37.1 11.07 | —290. | 8.92 x 10® | 4.02 x 10® [4.73 x 10 | 1.45 x 10¢

NSHQ14#

B8.39

84 2.84 36.7 11.20 | —480. |1.08 x 10* | 4.00 x 10° | 5.00 1.62 x 10*

WAB71

7.30

—339

79 2.08 345 11.09 5.61 x 10% | 3.82 x 10% | 5.10 x 10* | 1.26 x 10*

Table 1. Chemical compositions of water samples. Concentrations reported in gmol L. Data on an
expanded set of analytes are available in the online supplementary materials. Depths referenced to ground
level. @ Well not purged prior to sampling.

Well

H, i

CHg CHy -C,H,y n-CH, i-CHyy n-CH,, CeHyp®

NSHQI14

2.45 x 10°

7.31 x 10

1.08 x 10! 1.27 x 102 <413x1073% | <545 x 1072 | < 3.27 x 1072 | 4.04 x 10732 717 % 1072

NSHQ14b

4.67 x 10?

1.28 x 10?

2.91 x 10~ 3.11 % 1072 <413x107% | <545 x 1072 | <327 x107° [ < 3.63x 1072 |8.34 x 102

WAB71

< 3.20

2.54 x 10*

<863x107% | <681 x1073 |<413x1072 | <545x 1072? | < 3.27 x 1072 | < 3.63 x 1073 [ 7.13 x 103

Table 2. Aqueous gas concentrations, reported in gmol L~ !, *Hexane isomers not chromatographically

resolved. P Well not purged (NP) prior to sampling.

Hydrothermal Field, New Caledonia had detectable *C, corresponding to '*C ages ranging from 49 500 yr BP to
12000 yr BP 23, The Prony Bay Hydrothermal Field consists of meteoric waters that have reacted with ophiolite-
hosted peridotites and discharge in a submarine environment. Mixing calculations suggested that 22% microbial
CH, and 78% abiotic CH, could explain the C age of 12000 yr BP . At the Lost City hydrothermal field, which
is located in serpentinizing peridotites intermingled with gabbros 15 km from the spreading axis of the Mid-
Atlantic Ridge and hosts carbonate-brucite chimneys through which hyperalkaline fluids vent at <120 °C*%*,
CH, is largely '“C-free. Three of six Lost City CH, samples were within analytical uncertainty of zero F*C, while
the other samples had F*C values of 0.0027 0. 0023 0.0062 +0.0054, and 0.0034+0.0011%6. For comparison,
14C dating of carbonate veins in ophiolites has revealed extensive mineralization of CO, on < 50 000-year
timescales'”. These data suggest that CH, formation occurs at slower rates than CO, mlnerahzatlon during
low-temperature peridotite alteration or that CH, is largely formed from non- atmospherlc C sources.

The Samail Ophiolite of Oman and the Unlted Arab Emirates, where > 20 000 km® of peridotite continue
to hydrate and carbonate at low temperatures (largely < 60°C)'-2%2%, contains a wide array of wells and springs
that enable sampling of fluids representing various geochemical states of the system. Gas molecular and stable
isotopic compositions and biomolecular and microcosm data from the Samail Ophiolite are consistent with
mixtures of abiotic and microbial CH,, although their proportions, variability, production rates, and carbon
sources are not precisely known?-*. To assess the rates and C sources of CH 4 production in the fissured rock
aquifers in the ophiolite, we determined the * C content of CH 4 via accelerator mass spectrometry on gases
exsolved from groundwater samples pumped from wells.

Results

Aqueous geochemistry and stable isotopic compositions of gases

We obtained CH, samples for 4 C analysis from four wells of up to 400 m depth, which were sampled between
2017 and 2019. T?le well locations and geologic setting within the mantle section of the ophiolite were previously
reported®. The CH,-bearing groundwaters ranged in pH from 10. to 11.39 throughout the sampling period,
which is characterlstlc of extensive reaction with peridotite in near complete isolation from the atmosphere?837.
The groundwaters were also strongly reduced (Eh = —290.mV, fo, = 3.13 x 10~ *bar to Ek = —480.mV,
fo, = 3.68 x 10~%"bar in 2019; Table 1), which is typical of hyperalkaline Ca?* — OH™ fluids %,

Concentrations of dissolved H, were variable across groundwaters pumped from the wells, wnh well
NSHQ14 having extremely high concentratlons (up to 467umol L~ in 2019), while the other wells including
well WAB71 had single-digit zmol L ™! concentrations or less (Table 2). Groundwaters sampled from wells in
2019 had high concentrations of dissolved CH, (25.4xmol L~ at WAB71 and up to 128mol L ™! at NSHQ14;
Table 2). Alkanes of two to six carbons (C, 3 were detected, and well NSHQ14 had the highest C,, alkane
concentrations (Table 2). The ratios of CH4 to ethane and propane (C; /(Cz + Cs)) dissolved in groundwaters
from NSHQ14 were 397 to 605 in 2019 (Supplementary Note 1).

The proportions of C, through C_ alkanes from NSQH14 were tested for conformance to the Anderson-
Schulz-Flory (ASF) distribution, Whlcil is a log-linear relationship of decreasing mole fraction versus increasing
C atoms per molecule (C number) that is characteristic of (though not exclusive to) both the synthetic and
natural CO, or CO hydrogenation to hydrocarbons*-*!. The alkane proportions in samples from NSHQ14 from
2017, 2018, and 2019 were similar, although samples from 2019 (Table 2) had relatively less (below quantitation)
butane and relatively more hexane than in 2017 or 2018 (Supplementary Fig. 1). For testing of the ASF
distribution, the gas composition from NSHQ14 in 2018 was used because a full suite of C, through C, alkanes
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Well $'%C — CH4 | 6”H — CH, | §183C— CH, [ 83C— CH,
NSHQl4 |6.537.2 —263 —5.5 4.9
NSHQ14® | 4.5 —251 nd nd
WAB71 7.0 —304 nd n.d

Table 3. Isotopic compositions of CH,, C,H,, and C;H,. All isotopic values reported in %o units. s3Cand
§%H reported in the VPDB and VSMOW reference frames, respectively. Abbreviations: n.d., not determined, 2
Measured by Isotech. ® Well not purged (NP) prior to sampling.

13
Well Year sampled | Pump depth/[m]* | Accession #* frrngi!% Fraction modern (F*C) | "C age/[yr BP]¢
NSHQ14 | 2019 84 08-152137 | nd 0.0614 4 0.001 40 22400 + 180
NSHQ14 | 2019 84 CURL-26148 | 0.5 0.0566 + 0.0006 23070 4 90
NSHQ14¢ | 2019 84 CURL-26147 | 2.5 0.0497 4 0.0006 24110 4 100
NSHQ14 | 2018 84 CURL-24538 | —3.2 0.3038 £ 0.0015 9570 + 45
NSHQ14 | 2017 84 CURL-24539 | 1.1 0.1918 £ 0.0010 13265 + 45
WAB71 | 2019 79 CURL-26149 | 3.2 —0.0001 4 0.005 > 42600
WAB71 | 2018 69 CURL-24537 | 3.0 —0.002 + 0.0000 > 42200
NSHQO4 | 2018 7 CURL-24535 | —0.7 0.0069 4 0.0010 30950 + 1210
CM2A | 2018 74 CURL-24536 | —7.0 0.0002 £ 0.0011 > 48100

Table 4. Radiocarbon measurements. n.d.=not determined. *“Depths referenced to ground level. * “CURL’
samples prepared at CU-Boulder and measured at UC-Irvine. “OS” samples prepared at Isotech and measured
at NOSAMS. 513C value reported here is the AMS measurement, which can be fractionated from the original
sample material (typically by 1% to 3%o) due to the graphitization process. Conventional age***>. *Well not
purged prior to sampling.

including isobutane and isopentane were above the limit of quantitation for that sample year (Supplementary
Fig. 2). Methane comprised a two to three orders of magnitude higher proportion of NSHQ14 hydrocarbons
than the ideal ASF distribution. However, the relatlonshlp between log,, (mol fraction) and C number for
C, to C, hydrocarbons was relatively linear (R? = 0.89), suggesting that polymerization of alkanes larger than
methane may be consistent with the ASF distribution. To contextualize NSHQ14 hydrocarbon distributions
in relation to another thoroughly studied site of low-temperature serpentinization, low-molecular-weight
hydrocarbon concentrations from the Lost City Hydrothermal Field at the Mid-Atlantic Ridge were plotted
alongside NSHQ14 (Supplementary Fig. 2). The plotted points represent mean concentrations of the 30
samples reported by Proskurowski et al., who reported concentrations of hydrocarbons up to C number 4%6,
The standard error of the mean of Lost City hydrocarbon concentrations of each respective C number were
< 8% of their mean, indicating low variability in the data set. Overall, the distribution of hydrocarbons at Lost

lgw and NSHQ14 were similar, particularly from C, to C,. The ASF relationship was more linear for Lost City

= 0.99) compared to NSHQ14 in the C, through C, range (R? = 0.86).

The carbon stable isotopic composmons of CH,, Csz and C Hﬁ in the studied groundwater samples
were highly enriched in *C (—5.5 % VPDB to +7.2 % VPDB 4°C in 2019; Table 3; Supplementary
Fig. 3) relative to 5'3C values of more widely studied alkane gases in sedimentary reservoirs. Similar 13C
enrichment in CH, and C,, alkanes has been reported for many serpentinite-hosted sites, including elsewhere
in the Samail C![:lhlohte2 5342 The hydrogen stable isotopic compositions of CH, measured in our samples
(—304 %eVSMOW to —251 %oVSMOW &%H in 2019; Table 3) fall within the mlddle range of compositions
reported for CH, in both sedimentary and serpentinite-hosted settings®+2,

Supporting data from samples obtained in 2017 and 2018 have been reported previously®>33, Thus, we focus
the presentation of supporting data here on samples obtained in 2019, when only two wells were sampled for
CH 4 ™ C, wells NSHQ14 and WAB71. Groundwaters pumped from NSHQ14 at 84 m depth had somewhat
variable conservative ion concentrations and pH throughout the study period (pH 11.07 to 11.39). The pH,
chemical composition, and gas chemical and isotopic compositions from groundwaters sampled from WAB71
did not vary substantially across the study period. The wells sampled for CH, '“C analysis in 2018 only (NSHQ04
and CM2A) were broadly more similar in redox state to WAB71 than NSHQ14 in that they had single-digit
pumol Hy L1 or less in 2018 samples. Additional context on CM2A and NSHQO4 is provided in Supplementary
Discussion 1.

Methane radiocarbon data

To determine whether atmospheric CO, is converted to CH, in fissured rock aquifers within the Samail Ophiolite
and potential rates of that conversion, we measured the 14 C content of CH 4 exsolved from groundwater samples.
Methane from well NSHQ14 had fraction modern (F*C) ranging from 0.0497 to 0.304 in samples obtained
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in 2017, 2018, and 2019, corresponding to '“C ages of 24.10kyr BP to 9.57 kyr BP (Table 4). The finding of
FC up to 0.304 means that 30 % or more of the CH, in that sample was recently (< 10 kyr BP) derived from
atmospheric CO,. In the other well for which CH 4 in groundwater had 4 C content significantly above blanks,
well NSHQ04, CH 4 F*C was much lower (0.007). In groundwater samples from the two remaining wells,
CM2A and WAB71, CH 4 4 C contents were indistinguishable from analytical blanks*? (radiocarbon dead). This
indicates that the CH 4 sampled from those sites was produced from one or more radiocarbon-dead C source(s),
was produced > b0 kyr BP or both. For samples from NSHQ14, negatlve, linear correlar_lons were found
between 6'*Ccn, and F**Cen, (R? = 0 91 p=0.01, = 5) as well as 6*Hcn, and F1*Ccn, (R = 0.88,
p=0.06, n = 4) (Fig. 1). Accordingly, §®*Ccp, and 62Hcn, had a positive, linear correlation (R? = 0.67,
p = 0.004, n = 10; Supplementary Fig. 4 33).

165 rRNA gene sequencing and analysis

To assess the role microbes may play in CH, production or consumption in the study area, genomic DNA
was extracted from biomass filtered (0.22 pm) from groundwaters and was subjected to PCR amplification and
sequencing of 165 rRNA genes. 24% of the 165 rRNA gene sequences in NSHQ14 groundwater communities
in 2019 were affiliated with the archaeal genus Methanobacterium (Fig. 2), whose members are obligately
anaerobic and produce CH 4 from CO, using H 2, CO, or formate as electron donor*. In contrast, nearly
93% of the 165 rRNA gene sequences in WAB71 communities in 2019 were affiliated with the bacterial class,
Thermodesulfovibrionia (Fig. 2). Cultured representatives of Thermodesulfovibrionia are capable of SO3~
reduction coupled to H 7 oxidation; some strains may additionally/alternatively oxidize C 1-C s acids and respire
thiosulfate, sulfite, Fe®* or NO7 %3, 16S rRNA gene sequences affiliated with Methanobacterium were not
detected in samples from WAB71. The only other taxon known to produce or consume CH 4 in this data set was
affiliated with the genus Methylococcus (< 1 % of reads in both NSHQ14 and WAB71 *°), which contains aerobic
methanotrophs *. Likewise, groundwater communities in CM2A and NSHQ04 had low relative abundances of
16S rRNA gene sequences affiliated with Methanobacterium (< 1% of reads ).

T
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O -260- +
3 +
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> 2801
8
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= -300-
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5 +
NfO
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0.0 0.1 0.2 0.3

CH, fraction modern

Year sampled + 2017 + 2018 + 2019

Fig. 1. Radiocarbon and stable isotopic composition of CH, at NSHQ14. “NP” indicates samples for which the
well was not purged prior to sampling.
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¢. Thermodesulfovibrionia -ﬁ
Read relative

c. Acetothermiia{ 23 3 abundance /

. (%]
g. Methanobacterium 1 24 n.r

g. Silanimonas 4 21 n.r. I 75

g. Meiothermus 4 15 2 50
g. Hydrogenophaga 4 7 n.r.
25
g. Brachymonas4{ @ n.r.
0

Deepest taxonomic assignment
(maximum of genus)

Othertaxa4 4 2

NSHQ14 WAB71
Well

Fig. 2. 16S rRNA gene read relative abundances of 7 most abundant taxa inferred from DNA extracted
from wells NSHQ14 (non-purged) and WAB71 sampled in 2019. Read relative abundances are reported as
percentages rounded to the ones place. Cases when no reads of a taxon were detected in a sample are labeled
“nr’

Discussion

Carbon sources, rates, and mechanisms of CH, production

In the sample from well NSHQ14 in which the F14Ccp, reached 0.304, 30 % or more of the CH,, was recently
(< 10kyr BP) derived from atmospheric CO, (Table 4). This new CH, '*C data set, which mcludes five gas
samples from NSHQ14 obtained across three years of field work, sheds hght on the drivers of isotopic variability
within CH, previously identified in stable 1sot0p1c data from this site. Earlier studies proposed that positive,
linear correlatlons between 6'2Ccp, and 62Heg, in the Samail Ophiolite (Supplementary Fi ig. 4) may arise
from microbial oxidation of CH 4 2°*%!, In contrast, we posit that the correlations of CH, §'*C , §°H, and
FC (Fig. 1) at NSHQ14 must result from mixing of at least two sources of CH 4 and do not require CH,
oxidation. In the case of aerobic CH 4 oxidation, which is scarcely enzymatically reversible®?, oxidation would
not be expected to affect the F**C of CH 4 (F'4C is, by definition, corrected for mass-dependent fractionation
%3). Anaerobic CH 4 oxidation has greater reversibility and thus can cause isotopic equilibration between CH,
and dissolved inorganic carbon ()~ COz2)*%. While this could conceivably introduce C into CH 4, it is unllkely
here because the stable isotopic composition of CH 4 at NSHQ14 is far from equilibrium with coexisting
water, carbonate minerals, and itself (1nr_ramolecular eql.uhbru.u'n)33 Thus, we propose that the 1sot0p1c trends
primarily stem from mixing of relatively !*C- and 2H-depleted, * C-rich (“young’ ") CH, and relatively 13C- and
2H-enriched, 1*C-free CH,. This is also consistent with microbiological data collected across multiple years of
sampling that has not ylelcfed evidence for abundant or active aerobic or anaerobic CH, oxidizing populations
in NSHQ14323354-56_ However, we cannot entirely rule out some isotopic overprmtmg by CH, oxidation, which
could have enriched the CH, samples in '*C and “H without changing their F*C.

Alongside isotopic composmons, molecular compositions provide insights into gas formation mechanisms.
An abiotic component of CH, is strongly indicated by the presence of alkanes that have no known microbial
production pathway (butane through hexane)®” and the large '>C enrichment observed in ethane and propane at
NSHQ14 (Table 3; Supplementary Fig. 3)33. Debate on the nature of the abiotic source mechanism has centered
around the relative contributions of CH, formed in fluid inclusions prior to the ophiolite’s emplacement and
CH, formed through ongoing, low- temperatu:e processes”**. Although NSHQ14 alkanes had relatively more
CH than the ideal ASF distribution (Supplementary Fig. 2), higher C, selectivity is a common occurrence in
industrial Fischer-Tropsch (FT) reactions on Ru, Ni, and Co catalysts, which has been attributed to increased
termination probability or methanation-specific reaction sites®®*°, Thus, the molecular composition of NSHQ14
alkanes is consistent with Sabatier/FT-type reactions (with or without independent addition of microbial CH,).
The similarity in molecular composition of light hydrocarbons at NSHQ14 and Lost City (Supplementary
Fig. 2), particularly from C, to C;, suggests the potential for similar formation mechanisms across both sites.
This is notable because fluid inclusions or higher temperature hydrothermal processes have been proposed as the
dominant source mechanisms at Lost City'6266, However, the slopes of ASF fits between NSHQ14 and Lost City
imply different apparent chain growth probabilities (@) of polymerization (a = 0.13 for Lost City over C, to C,
vs. 0.26 for NSHQ14 over C, to C, and 0.40 over C, to C/). This could reflect different reaction temperatures
or catalysts. Laboratory Sabatier/FT-type reaction experiments that used geological quantities of Ru have
produced CH, and C,, gases at temperatures as low as 25 °C, but the methods used for most of that study’s C,,
measurements were semi-quantitative, which led those authors to refrain from attempting to fit their data to
the ASF distribution®. Thus, further work is needed to determine molecular compositions of hydrocarbon gases
that may be expected from low-temperature Sabatier/FT-type reactions with geological relevance to ophiolites.

Mass balance analysis can help to constrain uncertainties regarding the relative contributions of fluid
inclusion decrepitation vs. low-temperature Sabatier/FT-type reactions to the abiotic CH, pool in ophiolites.
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Such analysis was performed by Leong et al.*', who also reported CH, and H, flux and gas compositional
measurements from hyperalkaline springs in the Samail Ophiolite. The gas compositions, including noble gases,
indicated that either decrepitation of fluid inclusions or low-temperature Sabatier/FT-type reactions associated
with active serpentinization could have generated the H, and CH, outgassed from the springs they studied. In
addition, Leong et al. calculated the rates and masses of2 perldotlte alteration required to account for their gas
flux data on the ba51s of thermodynamic reaction path modeling, catchment area and groundwater source depth
estimates in Oman®, and CH, concentrations in peridotite-hosted fluid inclusions from literature on other
sites'®%. The serpentinization rates inferred from the gas flux data were within range of higher-temperature
laboratory serpentinization experiments extrapolated to observed groundwater temperatures and rates inferred
from crosscutting vein relationships and carbonate *C measurements from Oman boreholes®. From this,
Leong et al. concluded that ongoing, low-temperature serpentinization can account for active out-gassing in
hyperalkaline springs. Leong et al. did not preclude a fluid inclusion source component, although they did find
that a mass of rock at least 20 times greater would be required to produce the same amount of CH, by fluid
inclusion decrepitation. A similar conclusion was reached by Etiope and Oze?. In both studies, calculatlons were
based on fluid inclusion-hosted CH, concentration data from locations outside the Samail Ophiolite. Future
measurements of gas concentrations and isotopic compositions from fluid inclusions within Samail Ophiolite
rocks would contribute meaningfully to the understanding of this area. Regardless, we are confident that any
CH, potentially sourced from fluid inclusions is radiocarbon-dead'®. Methane potentially formed through
ongoing low-temperature hydrogenation of CO, derived from the mantle or decomposition of sedimentary
rocks is also expected to be “C-free?’. In these respects, the *C data reported by this study are inconclusive
regarding the source of the proposed '*C-free abiotic component of CH, within the study area. In any case, the
question becomes whether the proposed 4C-rich component of CH, found at NSHQ14 was formed through
low-temperature abiotic or microbial processes.

Compositional and isotopic relationships between CH, and co-existing short-chain alkanes can be used to
distinguish between abiotic and microbial CH, sources. Dominantly microbial gases tend to have relatively high
C1/(Cz + Cs) because microbes that produce ethane or propane are rare5>%, whereas ethane and propane
are commonly produced through abiotic mechanisms®¢-%°, In samples obtained from NSHQ14 in 2017 and
2018 (the samples with higher F**Ccn,), the C1/(Ca 4+ Cs) was approximately twice that of samples from
2019 (Supplementary Fig. 5), indicating that the '*C-rich CH, source component is associated with little to no
ethane and propane relative to the “C-free component. Thls is consistent with a microbial source of *C-rich
CH,, although it does not preclude the presence of multiple abiotic CH 4 pools with distinct alkane distributions.
Furrher, in contrast to the considerable isotopic variability observed in CH, at NSHQ14, the & 13C values of
ethane and propane were stable, In samples from 2019 and 2017 (the only samples for which §2C of ethane and
propane were measured), the §13C values of ethane were within analytical uncertainty of each other, and §'2C
of propane varied by only 1.6 % VPDB (Supplementary Fig. 3). In the same samples, 6'2C of CH, varied by
7 %0 VPDB. This reinforces the idea that the '*C-rich (and '*C-depleted) CH, is produced 1ndependently from
ethane and propane.

Microbiological data indicate the potential for microbial CH, production at NSHQ14. Sequences affiliated
with Methanobacterium, a methanogen that can reduce CO, to CH, using H,, formate or CO*, were most
abundant in 16S rRNA gene amplicons from 2019 NSHQ14 groundwater communities, accounting for 24% of
reads (Fig. 2). In analogous samples obtained in other years, metagenomic and metatranscriptomic data have
shown that genes involved in methanogenesis are not only present in the NSQH14 microbial community®>5456.70,
but are also actively transcribed®”. Further, microcosm assays on NSHQ14 groundwaters have shown rates of
CH, production attributed to biology*>**. For example, microbial communities in groundwaters from NSHQ14
in 2017, for which we have paired natural abundance F1*Ccp, data, exhibited maximum potential rates of
HCO,  reduction to CH, of 18 pmol mL! day! (equivalently, 6.6 pmol L-! year 32). Based on our independent
measurement of F! C(:H4 of 0.192 in the same waters that year, which contained a total CH, concentration
of 105 pmol L', we calculate a concentration of modern CH, in that sample of 20.2 pmol L. By dividing the
concentration of modern CH, by the maximum rate of biological reduction of HCO;" to CH,, we arrive at a
potential time of 3.1 years for accumulation of the modern component of CH, from HCO,- through biological
processes. Taken together, these data and calculations show that microbial processes have the potential to operate
at sufficient rates to account for the modern component of CH, at NSHQ14.

Integrating chemistry and hydrology of fluids sampled from serpentinite-hosted wells

Having identified plausible sources for both the 'C-rich and '*C-free components of CH,, we can examine why
the relative proportions of CH, from these sources have differed across samples obtained in different years at
NSHQ14. To do so, the hydrology of the well must be considered. A fundamental aspect of serpentinite aquifers
is that groundwater dominantly flows through fissures and fractures with average spacing in the tens of meters,
as opposed to micrometer-scale cracks and nanometer-scale pores within the serpentinite matrix®>’!. From
geophysical well logs obtained at ambient conditions in NSHQ14, Paukert’? identified zones capable of hosting
groundwater flow at depths of 70 m, 140 m, 180 m, and 250 m based on changes in temperature and, in some
cases, caliper readings. Most of the 304 m-deep well had upward flow, while the lower 50 m had downward
flow, suggesting a substantial inflow at 250 m depth. In a sampling campaign in 2020 (post-dating the sampling
for this study), Fones et al.** installed an inflatable double packer system at NSHQ14 to attempt to pump deep
groundwaters isolated from the surface. However, Fones et al. reported insufficient flow to pump water to the
surface when the top packer was inflated at 30 m or 18 m depth. They did pump sufficient water when inflating
the bottom packer at 30 m and leaving the upper packer uninflated, effectively pumping the interval 30 m to
9 m (the depth to water). Despite the shallow pumping interval, that water was still hyperalkaline (pH 11.3).
Integrating the findings of Paukert’? and Fones et al.* reveals that the channels (in the broad sense of the term)
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feeding NSHQ14 can change between ambient and pumped conditions. These studies indicate that under
pumped conditions, the well is fed primarily by regions of high hydraulic conductivity from 9 to 18 m depth, but
under ambient conditions, the well is primarily fed from deeper regions.

The timing of pumping and the total volume of pumped water also can affect fluid chemistry substantially.
Specifically, we found that waters sampled from NSHQ14 can become less representative of the end-member
hyperalkaline composition of interest after prolonged pumping. For example, in 2019, immediately upon
turning on the pump during our first sampling of NSHQ14, we recorded pH of 11 22, electrical conductivity of
2.88 mS cm!, temperature of 36.7 "C and Eh of —430. mV (fo, = 8.16 x 10~ %*bar). After purging the well,
we found rhat the pH and electrical conductivity had decreased, and the Eh (and fo,) had increased (Table 1).
We then began sampling fluids for chemical analysis. We likely pumped out much of the hyperalkaline water
of interest and started drawing more water from more dilute, surficial sources as pumping progressed. Thus,
we allowed NSHQ14 to recharge and repeated sampling 8 days later immediately upon resuming pumping.
We refer to these samples as NSHQ14 “non-purged”, or “NP”. The non-purged sample returned to near the
pH, electrical conductivity, and Eh values observed upon initial pumping of NSHQ14 8 days prior and before
purging (Table 1). In addition, the non-purged sample had higher concentrations of major elements Na, Ca,
and CI. Further, the redox-active oxyanion SO,> dropped in concentration from 47.3 pmol L in the purged
sample to 5.09 umol L! in the non-purged sample (Table 1). Moreover, the concentrations of reduced gases
H,, CH,, and short-chain alkanes were twice as high in the non-purged sample (Table 2), although the isotopic
composition of CH, was overall similar between the purged and non-purged samples (Tablee 3, 4, and Fig. 1).
Collectively, these findings suggest that the non-purged sample of NSHQ14 in 2019 is more representative of a
reduced end-member hyperalkaline fluid type, while the purged sample had been mixed during pumping with
a distinct fluid that is more oxidized and dilute. More broadly, we hypothesize that there are multiple aquifers
accessed by NSHQ14 that contain isotopically distinct CH, pools. We propose that the isotopic variation in CH,
from NSHQ14 across sampling events has been primarily caused by changes in the proportions of these CH,
pools sampled due to differences in pumping technique.

Additional insights into fluid fluxes and fluid-rock-microbe interactions in the area surrounding NSHQ14
can be gleaned from petrologic investigations of cores from borehole BA3A, which was drilled 10 m away from
NSHQ14 through the Oman Drilling Project®. BA3A was drilled to 300 m depth with 100% core recovery in
January 2018, between the 2017 and 2018 sampling campaigns for this study. The six carbonate veins from cores
from 5 to 9 m depth in BA3A that were analyzed for “C content had F*C of 0.004 to 0.078, corresponding to “C
ages of 45 000 yr BP to 20 500 yr BP%, A detailed study of carbon geochemistry of several Oman Drilling Project
boreholes including cores from BA3A found inorganic carbon contents of 500 ppm to 1000 ppm throughout
most of BA3A73. While carbonate veins were most prevalent in the upper 100 m of BA3A, dispersed carbonates
that were not microscopically identifiable, but were evidenced by the inorganic carbon content measurements,
were present throughout the borehole. The three whole rock samples (ranging from 69.98 to 280.08 m depth)
analyzed for C content by Ternieten et al. had dispersed carbonate F'*C values of 0.908 to 0.927, corresponding
to '“C ages of 771 yr BP to 608 yr BP. Co-existing non-carbonate (i.e., organic carbon, carbonaceous matter, or
graphite) F'4C values ranged from 0.273 to 0.366, corresponding to '“C ages of 10 440 yr BP to 8083 yr BP.

Dating of groundwater recharge and dissolved constituents offers another lens through which to understand
fluid fluxes and chemical turnover rates. Tritium measurements of NSHQ14 groundwaters have indicated pre-
H-bomb recharge ages (before 1952)”%. However, young *’Ar apparent ages (90 yr to 720 yr) and dissolved
inorganic carbon “C ages of 820 yr BP to 12 000 yr BP of hyperalkaline groundwater in the Samail Ophiolite
underscore the rapid formation of the hyperalkaline water or its extensive mixing with more recently recharged
waters””. In sum, from geochronological measurements on multiple substances, a picture is emerging of a more
hydrologically active moderate (300 m) depth continental serpentinite aquifer system than was previously
thought. Our CH, 'C data indicate that this hydrologically active region also can host ongoing CH, production.

Ecological competitiveness of methanogens

In a study of hyperalkaline springs in the Samail Ophiolite, Howells et al.’® identified a transition that
occurred between SO,> concentrations of 7.82 pmol L and 10.67 pmol L', above which hydrogenotrophic
sulfate reduction had greater energy supplies than hydrogenotrophic methanogenesis, and below which
hydrogenotrophic methanogenesis had greater energy supplies. Energy supply is a quantity describing the
energy available to a chemotrophic metabolism in a mass of fluid, assuming a limiting reactant controls the total
supply of energy that can be released from the reaction’®. Consistent with calculated energy supplies, Howells et
al. showed that sediment communities from hyperalkaline pools with SO,* concentrations < 10 pmol L' were
dominated by Methanobacterium whereas sediment communities from hyperalkallne pools with >10 pmol L-!
SO,* were dominated by Thermodesulfovibrionacea. Howe]]s et al. proposed that sulfate-reducing bacteria may
outcompete methanogens for H, in waters with > 10 pmol L' SO,*, while methanogens predominate in waters
with <10 pmol L' SO * due to the greater energy supplies for methanogenesis in those waters.

While the Howe]]s et al. model has apparent explanatory power, we consider its sole focus on dissolved
inorganic carbon (and particularly the carbonate ion) as a carbon substrate to be an oversimplification. In the most
hyperalkaline wells in the Samail Ophiolite, genomic and microcosm studies have shown that formate (HCOO")
can be used as both an electron source and source of cytoplasmic CO, by “Type II” Methanobacterium through
a metabolic pathway that presumably evolved to overcome the extreme inorganic carbon limitations within
hyperalkaline serpentinite-hosted fluids**6. Many sulfate reducing bacteria such as Thermodesulfovibrionia
can also use formate for carbon assimilation and as an electron donor in sulfate reduction. Thus, future models
building off the work of Howells et al. should add formate as a potential electron donor and as a potential electron
acceptor. Nonetheless, if formate is an important substrate for methanogens and/or sulfate reducers, we would
still expect there to be a threshold SO,* concentration below which methanogens outcompete sulfate reducers.
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Howells et al. identified this threshold in serpentinizing environments, even if the systematics underlying that
threshold may differ from what they modeled.

Subsurface groundwaters accessed via wells WAB71 and NSHQ14 appear analogous to the hyperalkaline
spring environments described by Howells et al. on either side of the 10 umol L! SO, * threshold. Groundwaters
pumped from WAB71 in 2019 had a pH that was hyperalkaline (11.09; Table 1), but not quite as high as the
highest pH waters sampled at NSHQ14 (11.2 to 11.4). In groundwaters pumped from WAB71 in 2019, the
concentration of H, was below quantitation (<3.29 pmol L), and the concentration of CH, was 25.4 pmol
L' (Table 2), both Consistent with prior years of sampling®**®. The more than 2 orders of magnltude lower
H, concentrations in groundwaters from WAB71 relative to NSHQ14 reflect starkly more reduced conditions
at NSHQ14 ( fo, = 3.34 x 107%%bar at WAB71 vs. 3.68 x 10~%"bar at NSHQ14 non-purged in 2019).
Accordingly, SO, concentrations in WAB71 have been consistently in the range of 34 pmol L' to 60.8 umol L-!
across five years Cof sampling since 2015 (Table 1)***; the lower (<10 pmol L) SO,* concentrations that can
be found at NSHQ14 depending on the pumping techmque have never been observed at WAB71. Consistent
with the repeated measurements of SO, at>30 pmol L' in WAB71 groundwaters, DNA extracted from
filter-concentrated biomass from grouncfwaters from WAB71 in 2019 had 16S rRNA gene reads dominated
by the sulfate-reducing bacterial class Thermodesulfovibrionia (93% of reads), while the methanogen
Methanobacterium was not detected (Fig. 2). Our finding of exclusively radiocarbon-dead CH, in WAB71 across
two years of sampling (Table 4) may thus be a result of a paucity of active methanogens under conditions where
microbial sulfate reducers benefit from greater energy supplies. In contrast, groundwaters with <10 pmol L!
$O,* (and>100 pmol L' H,) do exist in some aquifers accessed by NSHQ14 (Tables 1 and 2), and it is in these
aquifers where methanogenesis would be expected to outcompete sulfate reduction for the limited availability of
electron acceptors. These geochemical conditions that energetically favor methanogenesis over sulfate reduction
are exploited by methanogens, as evidenced by the elevated 'C content of CH, at NSHQ14 (Table 4). The fluids
sampled from other wells in this study, NSHQ04 and CM2A, had F*Ccy, 4 0.01 (Table 4),>100 pmol L!
SO,* and orders of magnitude lower H, concentrations than NSHQ14, which is consistent with this hypothesis.
Broader geochemical context on these wells is reviewed in Supplementary Discussion 1.

Multiple systems of CH, generation in low-temperature serpentinizing settings

By comparing studies of serpentinitization-influenced groundwaters accessed via wells to those on vent fluids,

a broader perspective comes into view of multiple systems of CH, generation. Among studies of C CH, in
serpentinites, the study of wells in Hakuba Happo, Japan by Suda et al 21 had the most similar sampling methods
to the present study. The findings of Suda et al. differ from ours in that they observed a maximum CH, F'*C of
0.0065+0.0002. In comparison, carbonate minerals that had accumulated on the water pumping pipe in one
of the Happo wells had a mean F!“C of 0.5622. Using the carbonates on the pipe as a proxy for the “C content
of inorganic carbon in the aquifer, Suda et al. calculated that the contribution of CH, formed from inorganic
carbon in the groundwater was less than 1.2% of the total CH4 pool. Rather, Suda et al. concluded that most
of the CH, in the sampled groundwaters was formed at>200 °C and migrated from depth through faults into
the groundwaters or was entrained from fluid inclusions. The other previously published *C measurements
on CH, sampled from ophiolites were sampled from dry gas vents (Philippines!” and Turkey'®) or from gas
bubbles flowing as a separate phase within surface spring waters (Spain'? and Italy?®). Both dry gas vents and
bubbling waters were sampled in the Bulgizé chromite mine in Albania?’>. The bubbling gas manifestations
have been interpreted as being formed at depth through gas-phase reactions and then migrating along faults
into the spring waters; in other words, the gas generation processes were considered independent of those
controlling water chemistry”. In this regard, previous ophiolite vent CH, 'C data are fundamentally different
from those we report here because our samples represent CH, dissolved in groundwater and because, in the case
of well NSHQ14, we find strong isotopic, aqueous geochemical, and microbiological evidence for a substantial
(minimum 5%; Fig. 1) portion of CH, formation within the groundwater. Methane formation pathways inside
and outside aquifer fluids as sampled via wells are illustrated in Fig. 3.

The Samail Opbhiolite is unique in having many wells exceeding 300 m depth that have been drilled by the
Omani government as part of groundwater resource surveys and the recent Oman Drilling Project scientific
drilling program®. This study is part of a body of work seeking to characterize the hydrology, chemistry, and
biology of subsurface fluids accessed through those wells. Well studies and natural seep studies are complementary
and have tradeoffs such as the ability to generate hydrologic and petrologic data versus the degree of perturbation
of the natural system involved. Methane '“C analyses on Samail Ophiolite seep samples were beyond the scope of
our study but would be interesting to pursue in future studies to advance understanding of the fluid dynamics,
chemistry, and microbiology of serpentinites. For example, to test hypotheses about the effect of groundwater
redox state (as reflected in H, and SO,* concentrations) on the activities of microbial sulfate reducers and
methanogens’®, springs across a range of redox states could be targeted for CH, sampling and '*C analysis. The
natural springs for which CH, was '“C-free (in Spain'® and Italy*"’8) contained water with<10 pmol L' H
concentrations. This could either be due to low-H, (mildly reduced) waters along the flow path of the springs
source waters, or because of microbial H, oxidation during fluid ascent. If the former, those spring waters would
not have experienced the extremely reduced (> 100 pmol L' H,) conditions present at NSHQ14, which may be
a key driver of methanogenic activity. Spring waters spanning a wide range of redox conditions do exist in the
Samail Ophiolite (e.g., Shumayt and Dima?**’¢), which could offer a natural testbed for these hypotheses.

While most of our discussion has focused on ophiolites, CH,-rich vents influenced by low-temperature
serpentinization at the Lost City Hydrothermal Field at the Mid-Atlantic Ridge presents an opportunity for
broader comparative analysis of CH, *C dynamics. Lost City vent fluids have an order of magnitude higher
concentrations of CH, and H, than in NSHQ14 groundwaters and have similarly low endmember )" CO2
concentrations of <10 umol kg 142633727980 Based on a flow path within the temperature limits of life in the
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carbonate chimneys and shallow basement rocks of a few tens of meters and making informed assumptions about
volumetric microbial cell densities and cell specific CH, productlon rates, Bradley and Summons 3! estimated
an upper limit on microbial CH, concentration of ~ 10— 30 umol L in Lost City vent fluids. A similar estimate
can be obtained from '“C data. The CH, samples reported by Proskurowski et al.** had high-end F'*C values
of ~0.005, and assuming microbial CH, has a similar upper-bound F'C as lipids attributed to methanogens
(pentamethylicosanes) in vent clumneys of 0.5%, an upper limit of ~ 1% microbial CH, in the total CH, pool is
obtained. Based on total CH, concentrations of ~ 1 mmol L', it follows that the concentrallon of rmcrobla.l CH,
at Lost City may reach ~ 10 umol L-, which is in the range estimated by Bradley and Summons®!. This is in the
same order of magnitude as the concentratwn of modern, presumably microbial CH, we report in samples from
well NSHQ14 (e.g., 20.2 umol L-! in 2017). Thus, the concentrations of microbial CH at Lost City and NSHQ14
may be similar, but the higher concentration of abiotic CH, at Lost City obscures the m1cr0b1al CH, signal there.

The comparison with Lost City highlights the depth of microbial habitability and ava.ilabi]jty of carbon as
important factors limiting microbial (methanogenic) activity in subseafloor hydrothermal serpentinizing systems.
This raises the question of whether similar or different factors control methanogenic activity in ophiolites. The
geothermal gradient derived from NSHQ14 well logs is 25.1 °Ckm ™! . The highest temperature at which
cell proliferation has been recorded is 122 °C, and these cells were methanogens®. Based on these values, we
calculate a potential depth of methanogenic life in Samail Ophiolite of 3.5 km. This implies a large zone of
potential methanogenic activity (> 10X deeper than NSHQ14) and suggests that temperature is not the most
important control on methanogenic activity in the Samail Ophiolite. A more important limit on methanogenic
activity in the Samail Ophiolite (that also is important at Lost City) is the availability of C. Our study shows that
where H,-rich waters contact atmospheric CO,, methanogens are poised to rapidly generate methane. However,
our study does not rule out the possibility of deep (1 km or more) methanogenesis as a source of '“C-free
CH, formed from non-atmospheric C sources or formed and transported to springs or wells over > 50 000 yr
timescales.

Another potential limit on methanogenic activity (and life in general) is the presence of water. Inherent to
serpentinization is net consumption of water to mineral hydration and conversion to H,, which implies that at
sufficiently low water/rock ratios, the system eventually can “dry out” into gas phase H, (while the vast majority
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of CO, in the initial fluid would have been lost to carbonates). If CO, enters such water-unsaturated zones
from other rock formations, Sabatier/FT-type reactions could occur there while microbial methanogenesis
is suppressed (Fig. 3)?0. However, the spatial extent of water-unsaturated zones in ophiolites is unknown and
should be further studied, for example, by drilling deep boreholes targeting hypothesized pressurized gas
accumulations.

Conclusion

This study documents CH, exsolved from groundwaters accessed via four serpentinite-hosted wells in the
Samail Ophiolite having l‘1(3 contents ranging from radiocarbon dead to 0.304 fraction modern. This finding
implies that, in the sample with the highest fraction modern (from well NSHQ14), > 30% of that CH, was
produced from atmospheric CO, within the last 10 000 years. By re-sampling the groundwaters during annual
field campaigns spanning three years, we assessed temporal variability in the 1C content of CH,. In doing so,
we observed negative correlations between F'“C and the ratios of heavy to light stable 1sotopes within CH,
(reported as 612 C and §2H) from well NSHQ14. This trend suggests that the CH, sampled at this well contamed
mixtures of at least two CH, source components including an ancient, isotopically “heavy” CH, component and
a young, isotopically “light” CH component. An abiotic component of relatively *C- enrlched CH, at NSHQ14
is strongly indicated by the co- enstence of 3C-enriched ethane and propane, whose §'%C values were practically
invariant across sampling events. Integrating geochemical, isotopic, and numerous microbiological lines of
evidence, we conclude that microbial methanogenesis is the most likely source of the *C-rich component of
CH, at NSQH14. This adds quantitative strength to prior studies indicating that methanogens can indeed be
actlve evenatpH > 11 and with extremely low » ~ COz. In a separate well in the ophiolite, WAB71, the presence
of radiocarbon-dead CH,, higher SO,> concentrations, lower H, concentrations, and higher abundances of
sulfate reducing bacteria relative to methanogenic archaea suggest that microbial sulfate reduction is dominant
in groundwaters surrounding that well, outcompeting methanogenesis. Consistent with prior bioenergetic
models, we find extremely reduced conditions as reflected in H, and SO,* concentrations may be required for
the accumulation of microbial CH, in ophiolites. Our findings differ from but complement previous natural
seep studies that found mostly radiocarbon-dead CH, in ophiolites because the natural seeps were interpreted
to source gas-phase CH, from regions of the ophlohte subsurface devoid of liquid water. Considered alongside
other geochronometers, CH, 'C reveals a striking degree of hydrologic and microbial activity of serpentinite
aquifers to depths of 300 m. Geothermal gradients suggest methanogens could be poised to generate CH, as
deep as 3.5 km in the Samail Ophiolite, with rates likely limited by the availability of carbon and water. Our
finding of rapid microbial CH, formation contributes to the understanding of the baseline state of the natural
serpentinite systems, which should be considered in engineering approaches to produce H, and/or store CO, in
such systems8°,

Methods

Pumping and in-field measurements

The groundwaters analyzed in this study were sampled from four wells during field campaigns in February 2017,
February 2018, and January 2019. Information on well location and construction are given in Nothaft et al.?>.
Fluids were sampled with a submersible pump (Grundfos SQ 2-85). The pumping depths are reported in Table
1 and Table 4. Each well was pumped for > 20 min prior to sampling. Sampling commenced once fluid pH and
conductivity measurements stabilized. The only exception to this was a replicate from NSHQ14 that was not
purged prior to sampling, which is labeled as “NP”, or indicated in table footnotes, where applicable. This was
done as a test of the effect of purging methods on water chemical composition. The NP sampling was conducted
8 days after a normal sampling of NSHQ14, when the well was pumped for 233 min at a rate of 20 L min—!
prior to sample acquisition.

14C analysis of CH 4

CH 4 was prepared for 14 C analysis at the Institute for Alpine and Arctic Research (INSTAAR) Laboratory for
AMS Radiocarbon Preparation and Research at CU-Boulder. The INSTAAR CH 4 preparation line is based on
the designs of Lowe et al.?¢ and Petrenko et al.*’. Gas was extracted from 37 mL blue butyl-stoppered serum
vials by flowing C-free air at 100 mL min~ through the vial and onto the main preparation line for 15 min,
using BD PrecisionGlide™ needles (0.124 cm outer diameter, 3.8 cm length) to puncture the stopper. Extracted
gas flowed across a series of cryogenic traps to remove water and CO 2. CO was quantitatively oxidized over
Sofnocat® catalyst, and the resultant CO 2 was removed by additional cryogenic trapping. Residual sample was
then combusted over platinized glass wool to yield CO 3 from (primarily) CH 4. The yield was quantified and the
process CO g transferred to flame-sealed tubes for eventual graphitization and measurement by accelerator mass
spectrometry at the University of California—Irvine using the procedures of Turnbull et al.*.

“CH 4~ prepared for 14 C analysis at INSTAAR technically reflects all combustible gases after removal of
CO and CO 2, which includes C2 — Cg alkanes. Isolation of CH 4 through gas chromatography (GC) is not
employed on the CH 4 radiocarbon prep line at INSTAAR because it was designed for atmospheric samples in
which CH 4 is the dominant hydrocarbon. Similarly, we calculated that the potential uncertainty in 1* C/12 C
introduced by non-methane hydrocarbons is negligible in our samples because CH, contained >99 mol % of C
within the total gaseous hydrocarbon pool in the samples (Supplementary Note 1).

To independently verify our methods, a replicate gas sample from one of the studied wells (NSHQ14)
was sent to Isotech laboratories, where CH 4 was quantitatively separated from the other components by gas
chromatography and then converted to CO 2, which was purified and captured in a Pyrex tube. This captured
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CO 2 was sent to National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS), where it was converted
to graphite, which was then analyzed for its 14 C/!2 C ratio.

Chemical and stable isotopic analyses of fluids

To analyze aqueous concentrations of non-carbonaceous chemical species, samples were collected by passing
groundwater through a 0.2 um filter into polypropylene conical tubes. Aqueous concentrations were measured
by inductively coupled plasma atomic emission spectroscopy (repeatability as median relative standard
deviation of 3 % for most ions). Aqueous concentrations of F ~ Cl ~, SO 27, Br —, and NO 5 were measured
by ion chromatography (analytical uncertainty of 5 %). The concentration and §'*C of dissolved inorganic C
(3 CO2) were measured by acidification of water samples and transfer of resultant CO2 (g) via a Thermo
Fisher GasBench II to a Thermo Delta V Plus isotope ratio mass spectrometer®®,

Groundwaters and gases dissolved therein were sampled via syringe from a luer-lok port on the pump
manifold. 60. mL of this water was then passed through a 0.2 pm filter and needle into an evacuated 117 mL
glass vial capped with a blue chlorobutyl rubber stopper and crimp top. These are referred to as “headspace”
samples. In addition, gases were sampled with the bubble strip method®®. H 2, CH 4, and CO concentrations in
this study are reported from headspace samples due to the better accuracy of this method versus the bubble strip
method, as determined in comparisons by the authors. Ethane through hexane concentrations were determined
from the bubble strip samples because of the lower detection limit offered by bubble strip samples and were
normalized to the headspace gas samples through the CH 4 concentration and assumption of constant C 1/C »
ratio of both sample types, where C , is an alkane of n C atoms. Gas concentrations were determined according
to the methods of Nothatft et al.33.

Bulk stable isotope analyses of CH 4 and co-occurring alkane gases were conducted at the University
of Colorado—Boulder by GC/C/Pyr/IRMS using a Trace 1310 GC equipped with an Agilent ] & W GS-
CarbonPLOT column (30 m length, 0.32 mm ID, 3.0 zm film) coupled to a Thermo Scientific MAT253 IRMS.
Three CH 4 isotope standards purchased from Airgas (uncertainties of 4-0.3 %o for 6'3C and 45 %o for §2H)
and three additional standards obtained from the U.S. Geological Survey (uncertainties of +0.2 %o for §1C
and =+3 %o for 62H) were used for calibration. Over the range of peak amplitudes of analyses reported here, the
repeatability expressed as 1 s on analyses of standards is 0.2 %o for '*C and +3 %o for 62H. The analytical
uncertainty (accuracy) expressed as 1 standard error on a 3-point calibration was 0.4 %o to 0.7 % or §12C and
4% to 5 %o for §2H (Supplementary Note 1). As a consistency check, an additional analysis of 8'*Ccx, of one
sample was performed by GC/C/IRMS by Isotech laboratories with a precision of 0.3 %o (1 &).

165 rRNA gene sequencing and analysis

Biomass for DNA extraction was concentrated by pumping 5L to 20 L of groundwater through Millipore
polycarbonate inline filters (0.22 pm pore diameter, 47 mm filter diameter). Filters were placed in cryovials,
transported frozen in liquid N 2, and stored in a —70 °C freezer until extraction. DNA was extracted from one
quarter subsamples of each filter using a Qiagen PowerSoil DNA extraction kit. The V4 hypervariable region of
the 16S SSU rRNA gene was amplified from purified DNA by PCR. PCR was performed in triplicate reactions
using the 515F/806R primer pair at an annealing temperature of 50 °C, as described previously™. Amplicons
from triplicate reactions were pooled, and adapters were added in triplicate reactions via five cycles of nested
PCR (following the same conditions as above) with 515F/816R primers modified to include Illumina adapters.
Amplicons from triplicate reactions were pooled and purified using the Wizard® PCR Preps DNA Purification
System (Promega Corp.). Sequencing on the 2 x 150 Illumina Miseq platform was performed at the UW-Madison
Biotechnology Center DNA Sequencing Facility.

Demultiplexed fastq files were quality filtered using Figaro v1.1.1°! and the DADA2 v1.16 R package®’.
Amplicon sequence variants were assigned taxonomy to the genus level using the RDP classifier”” trained on
the Silva SSU 138 reference database™ using the DADA2 assignTaxonomy function. Sequences assigned to
mitochondria, chloroplast, and Eukaryota, or not assigned at the domain level (collectively < 1 % of sequences),
were removed. DNA sequence data processing codes are archived on Zenodo 95.

Data availability

Data (in Excel format) presented in this paper (as well as additional data on analytical uncertainties and trace
element concentrations) are archived on Zenodo ( https://doi.org/10.5281/zenodo.17593505 ). DNA sequence
data are accessible on the NCBI Short Read Archive under accession PRINA1261609.
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