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Abstract

High carbon isotope values (8'*Ccpg > —40%0) have widely been used as evidence that methane in alkaline rock-hosted
fluids was formed abiotically, particularly in serpentinizing systems. However, isotope fractionation during microbial
methanogenesis is relatively understudied at high pH. We isolated a hydrogenotrophic Methanobacterium sp. from hyperal-
kaline subsurface fluids in the Samail ophiolite to assess how carbon and hydrogen isotope values of CHy4 varied depending
upon pH and carbonate mineral source (NaHCO;3 or CaCOs;). The hydrogen isotope fractionation oyno/cha (1.46-1.66) did
not vary across pH. In contrast, the expressed carbon isotope fractionation, o.coz/cha4, ranged from 1.028 to 1.089. Carbon
isotope fractionation increased with pH, reaching a maximum '*C depletion of —85%.. However, the '*C depletion signifi-
cantly diminished at pH > 9 for CaCOs-amended experiments, generating 8'>Ccpis as high as —28%e.. To evaluate the large
variability in 8'*Ccpa, we developed a steady-state model to assess how the rates of carbonate dissolution, cellular uptake
of CO, and irreversible CH4 production can affect the net isotope fractionation during methanogenesis. Methanobacterium
sp. can produce highly depleted 8'*Ccpyy in simulated alkaline serpentinizing fluids when dissolved inorganic carbon levels
are high and methanogenesis rates are slow. However, small carbon isotope fractionation occurs when rates of carbonate dis-
solution are slower than cellular uptake, leading to relatively high 3'*Ccyy4 values (>~—35%0) that are traditionally interpreted
to be purely “abiotic”. Thus, microbial CH4 can be produced in carbon-limited mafic and ultramafic rock-hosted environ-
ments on Earth and potentially other planetary bodies, but it may be difficult to isotopically identify biogenic methane when
mineral carbonates are the dominant carbon source.
© 2018 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Hydrogenotrophic methanogenesis, a strictly anaerobic
metabolism in which organisms reduce CO,, formate or
CO while utilizing hydrogen, is a commonly predicted
metabolism in the shallow subsurface of the Earth. Hydro-
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genotrophic methanogens have been found inhabiting
diverse H,-rich rock-hosted systems: subsurface basalt
aquifers in Idaho (Chapelle et al., 2002), hydrothermal
vents (Proskurowski et al., 2006; Takai et al., 2008; Eecke
et al., 2012), deep sediments in quartzite-hosted fractures
(Moser et al., 2005), and low-temperature continental ser-
pentinizing environments (Barnes et al., 1967; Barnes
et al., 1978; Woycheese et al., 2015; Klein et al., 2015;
Kohl et al., 2016; Miller et al., 2016; Rempfert et al.,
2017). Methanogens living in hard-rock systems may have
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been some of the earliest life forms (Sleep et al., 2004;
Nealson et al., 2005; Russell et al., 2010). It is hypothesized
that subsurface methanogens may be powered solely by
geological processes, independent of products of photosyn-
thesis, utilizing H, generated through geological water/rock
and/or radiolysis reactions to reduce dissolved CO,
(Nealson et al., 2005). Additionally, Mars, Europa, and/
or Enceladus could support hydrogenotrophic methano-
genesis fueled by H,-generating water/rock reactions
(Oze, 2005; Nealson et al., 2005; Blank et al., 2009;
Ehlmann et al., 2010; Kral et al., 2014; Glein et al., 2015).
Low-temperature continental serpentinizing systems, as
both analogs for planetary bodies and potential early Earth
environments, provide an important, yet understudied,
methanogen habitat. Hydrogenotrophic methanogens, and
specifically Methanobacterium sp., have been detected in
fluids in the Del Puerto ophiolite, the Cedars, the Zambales
ophiolite and the Samail ophiolite (Blank et al., 2009;
Suzuki et al., 2014; Woycheese et al., 2015; Miller et al.,
2016). However, the alkaline to hyperalkaline serpentiniz-
ing fluids (pH > 9-12) limit the bioavailable form of CO,
(aq) Decessary for the biochemical conversion of CO, to
CH,4 (Madigan, 2012; Suzuki et al., 2014). Water/rock reac-
tions during serpentinization further deprive fluids of car-
bon by releasing Ca®>" or Mg?" ions into the fluids,
causing carbonate minerals to precipitate (Barnes et al.,
1967). These carbonates can be used for carbon fixation
under hyperalkaline conditions, as shown by H,-utilizing
Betaproteobacteria Serpentinomonas (Suzuki et al., 2014).
Calcite and magnesite can also be utilized for neutrophilic
methanogenesis by diverse methanogens such as
Methanothermobacter wolfeii, Methanosarcina barkeri,
Methanobacterium formicum and Methanoccocus mari-
paludus (Kral et al., 2014). The release of inorganic carbon
from carbonate should occur whenever a system is locally
perturbed from equilibrium with CaCOj;, which could
occur due to biological uptake of dissolved inorganic car-
bon, or changes in pH due to release of protons or organic
acids. However, whether methanogens actively solubilize
carbonate to produce methane under alkaline and hyperal-
kaline conditions has not been extensively tested.
Serpentinizing environments commonly contain mil-
limolar to micromolar concentrations of dissolved methane.
This methane is typically inferred to be of abiotic origin
based on the isotopic composition, distributions of higher
hydrocarbons, and/or geological setting (Barnes et al.,
1967; Barnes et al., 1978; Abrajano et al., 1990; Lollar
et al., 1993; Proskurowski et al., 2006; Etiope et al., 2011;
Etiope and Sherwood Lollar, 2013; Morrill et al., 2013).
CH, from hyperalkaline serpentinizing fluids in the Philip-
pines, Canada, Turkey, Oman, Lost City hydrothermal
field and New Zealand has 8'*Ccys values ranging from
approximately —35 to —5%o, and the CH,4 is considered to
originate from abiotic reduction of carbon under reducing
conditions (Abrajano et al., 1990; Proskurowski et al.,
2006; Etiope et al., 2011; Etiope et al., 2011; Etiope and
Sherwood Lollar, 2013; Szponar et al., 2013). The abiotic
methane hypothesis is also supported by measurements of
increasingly negative 5'°C values from C, to Cs alkanes
(Proskurowski et al., 2008; Etiope et al., 2011). However,

there is an acknowledged partial microbial contribution
to the CH4 in Lost City and the Cedars serpentinizing sys-
tems (Proskurowski et al., 2008; Bradley and Summons,
2010; Morrill et al., 2013; Kohl et al., 2016) based on ratios
of CH4/C, (higher chain hydrocarbons) versus 8'°Ccy
values.

There is currently debate about the contribution of
microbial methane to serpentinizing environments.
Microbial production of CH, through methanogenesis is
considered to produce a unique range of §'3C and 3D
CH,4 values (Schoell, 1980; Whiticar, 1999; Valentine
et al., 2004; Etiope, 2009; Etiope and Sherwood Lollar,
2013). Microbial CO, reduction and acetate fermentation
typically generate CH, with a 8'C of —110 to —45%0 and
a OD ranging from —375 to —150%c (Whiticar, 1999;
Valentine et al., 2004; Etiope et al., 2013). Miller et al.
(2016) measured isotopically enriched 8*Ccpa (—2.4 to
3%o) collected from subsurface fluids in an actively serpen-
tinizing aquifer in the Samail Ophiolite in Oman. Etiope
(2016) strongly advocated an abiogenic origin for this
methane on the basis of its isotopic composition and
geologic setting. However, Miller et al. (2017) noted that
16S rRNA sequencing of these fluids reveals the presence
of both known methanogens (Methanobacterium sp.) and
methane oxidizers such as Methlyococcus sp.

The carbon and hydrogen isotope values of CH, from
alkaline conditions, such as soda lakes and subsurface flu-
ids, are understudied (Oremland et al., 1982; Worakit
et al.,, 1986; Kiene et al., 1986; Mathrani et al., 1988;
Kotelnikova et al., 1998; Kohl et al., 2016). Additionally,
these methanogens isolated from saline, alkaline soda lakes
generally utilize methyl groups for catabolism (Kiene et al.,
1986), not hydrogen and CO,-type substrates as would be
expected in serpentinizing environments. Recent work by
Kohl et al. (2016) examined the isotopic composition of
methane produced under hyperalkaline pH by enrichment
cultures of unidentified methanogens from the Cedars in
California. The ocoz.casa varied from 1.068 to 1.078 and
there was a maximum oo0.cag Of 1.50, falling within the
predicted isotope compositions of biogenic methane.
However, Kohl et al. (2016) acknowledged that further
experiments are needed to understand isotope systematics
of microbially-produced CH,4 in serpentinizing environ-
ments, which we further address in this study.

This study investigates the carbon and hydrogen isotope
fractionation of microbially produced CH4 over a wide
range of pH and carbon availability. Methanobacterium sp.
NSHQ4 was isolated from hyperalkaline H, and CH,4 rich
fluids at well NSHQO04 in Oman (see Miller et al., 2016) and
cultivated in a synthetic medium made to mimic the environ-
ment. We designed experiments with Methanobacterium
NSHQ4 enrichment cultures from pHs of ~7-11 and pro-
vided bicarbonate (NaHCO;) and carbonate (CaCOj) as
respective carbon sources, then measured the 5'°C and 8D
values of the CH,4 produced. A steady state model was gener-
ated to complement and interpret the experimental data.
Additionally, we modeled the partial oxidation of the
313Ccpa produced by methanogenesis at high pH under car-
bon limitation in our laboratory experiments to assess the
effect of subsequent oxidation on the methane isotopic
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composition. The goal was to examine whether some of the
notably enriched 3'*C CH, values observed in serpentinizing
systems could be generated through coupled microbial
methanogenesis and methane oxidation.

2. METHODS
2.1. Cultivation of alkaliphilic Methanobacterium NSHQ4

In January 2014, a shallow submersible pump was used
to collect biomass by filtering fluids (~5-10 L) obtained
from 18 m depth in well NSHQO4 in the Tayin block of
the Samail Ophiolite in the Sultanate of Oman (for more
information, see Miller et al. 2016). The 0.2 um Sterivex
inline filters were then put in a 100 mL sterilized, silica
serum vial and filled with site water, which was then capped
to maintain the anaerobic site environment. The vials were
then amended with hydrogen, carbon sources (headspace
CO,, formate, NaHCO3) and other mineral components
(Fe-oxides and carbonate). The goal of adding all these
amendments was to stimulate robust methanogen growth
with a variety of carbon sources, and then clean up the
media to pinpoint specific metabolisms. Methanobacterium
NSHQ4 was sequentially isolated from NSHQO4 fluids
through successive transfers into new, sterilized vials, first
growing for 6 generations in site water with 80% H;:20%
CO,, 0.1 mL Fe(III) oxides, 1 mL 100 mM formate, and
1 mL Oman crushed serpentinite rock, then transferred into
sterilized DSMZ methanogen medium 141 (Supplementary
Tables 1 and 2). Eventually, Methanobacterium NSHQ4
enrichment cultures grew in a synthetic NSHQ04 medium
(16 mM NaCl, 6 mM CaCl,, 0.0013 mM H4SiO4, 0.007
mM MgSO, * 7TH,0, 0.4 K,SO4, 0.01 KNOs3, 0.001 NaF,
0.028 NaBr, 4.13 mM cysteine). After numerous dilutions-
to-extinction, the culture was dominated by mesophilic long
rods that will grow at 40 °C but not at 55 °C. The culture
was not pure; microbial community composition of the
methanogenic enrichment culture was determined by
sequencing DNA extracted cultures with the MoBio Power-
Soil kit (see Supplementary Table 1) using the same meth-
ods outlined in Miller et al. (2016).

Supplementary data associated with this article can be
found, in the online version, at https://doi.org/10.1016/j.
£ca.2018.06.007.

2.2. Methane production with NaHCO; or CaCOj; as the C
source

Methanogens were grown in 100 mL sterilized, silica
serum vials sealed with butyl rubber stoppers. For each
experiment, 90 mL of sterilized medium was added and
the headspace was purged with 95% N,: 5% H, and was
slightly over-pressurized. Cultures were either grown with
10 mM NaHCOj,,, (Sigma Aldrich, powder §'"*Cpjc =
—3.83%0) or with an excess of CaCOs) (Fisher Scientific,
powder 8"*Cpic = —0.10%0) that did not fully dissolve. In
addition, 0.9 mL of trace vitamins and elements for DSMZ
medium 141 were added, as well as 1.8 mL of filter sterilized
antibiotic mixture containing 5 mg penicillin, 5 mg strepto-
mycin, and 50 pL ampicillin in order to suppress any

bacterial activity. pH was measured with a Thermo Scien-
tific Orion PerpHecT ROSS Combination pH Micro Elec-
trode calibrated with reference standards of pH 4, 7, 10,
and 11 4+ 0.01. The vials were amended with aqueous solu-
tions of dissolved NaHCO; or a poorly dissolved solution
of CaCOj; and then allowed to sit overnight before the
pH values were measured. pH was measured by removing
~0.10 mL of fluid from the serum vials and immediately
measuring to prevent equilibration with atmospheric CO,.

For the CaCOs-amended experiments, 9 vials were inoc-
ulated at a range of starting pHs (6.5, 7, 8.5, 9.7, 10.12,
10.38, 10.83, 11.51, 11.94). For the NaHCOj-amended
experiments, 9 vials at similar pH were also inoculated
(see Table 1). A parallel set of control vials were also pre-
pared for each carbon source (9 NaHCOs-amended and 9
CaCOgz-amended) to allow for isotopic analysis of DIC
pools. In preliminary experiments, we identified that the
pH for each individual experiment was sufficiently variable
that it would not be possible to average together replicates.
Thus, the goal in these final experiments was to initiate a suf-
ficient number of biological and abiotic experiments across
the pH range 6.5-12 to identify the full range in carbon iso-
tope variability across these alkaline and hyperalkaline pH.

All methanogenesis experiments were inoculated with 2
mL from a successfully growing culture in an identical med-
ium and incubated for 154 days. Gas phase H,, CO, and
CH, concentrations were initially monitored daily, then
weekly or biweekly once it was evident growth was slow.
Headspace CH4 concentrations in NaHCO; and CaCOs;
cultures were measured over time and sampled for isotopic
analysis once ~0.04 mM aqueous CH,; was produced SI
Fig. 1 and Table 1). 5 mL of headspace gas was sampled
for isotopic analysis by injecting it into an evacuated 7 mL
vial, and then overpressurizing the bottle with an additional
3 mL of He gas. To ensure sampling itself did not result in
isotope fractionation, after the headspace gas was pulled
into the syringe, it was equilibrated for ~10 s before remov-
ing from the serum vial.

2.3. Concentrations and isotopic analysis of H, and CH,

H, and CH, concentrations in the gases were measured
by injection of 500 pL headspace sample into an SRI 8610C
gas chromatograph (GC) equipped with a 2 m by 1 mm ID
micropacked ShinCarbon ST column with N, as the carrier
gas. H, and CH4 were quantified by thermal conductivity
(TCD), and flame ionization (FID) detectors, respectively
against calibrated standard gases. The detection limit was
10 ppm with an analytical error of 5%. H, is known to
slowly diffuse out of butyl stoppers. This was tested and
studied in Miller et al. (2017), with the conclusion that
~1 nmol of H, is lost from the vials per day.

Stable isotope analyses were conducted at the Center for
Isotope Geochemistry at the Lawrence Berkeley National
Laboratory. The hydrogen and carbon isotopic composi-
tions of H, and CHy4 were analyzed using a Thermo Scien-
tific GC Trace Gas Ultra interfaced to a combustion system
(for carbon, 1030 °C, Ni/Cu/Pt catalyzed) or pyrolysis fur-
nace (for hydrogen, 1450 °C) connected to a Thermo Scien-
tific Delta V Plus Mass Spectrometer (IRMS) (Brass and
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Table 1

Observed fractionation factor calculations. Cultures did not produce sufficient CH, at high pHs to measure isotopic values of CHy. All §
values are in %o units. "8'>C CO, values are calculated from Mook (50) calculations of isotopic values for carbon speciation as shown in SI
Figs. 2 and 3. ""pH of experiments at the time of CH, extraction from headspace for isotopic analysis. Reproducibility values are provided in

Section 2.

Initial pH MPH when CHy4 8"°C CH,4 3D CH4 ke CO, 130(NaHCO3/CH4 130lcoz/CH4 2'1H20/CH4
extracted
from headspace
HCO; 3D H,O —108 3"*C HCO;4 -3.83
6.87 6.92 —54.6 -399 -9.5 1.054 1.048 1.485
7.23 7.12 —56.3 —388 -10.2 1.056 1.049 1.458
7.81 7.71 —69.7 —414 —-10.7 1.071 1.063 1.522
8.26 8.45 —76.0 —461 -10.9 1.078 1.070 1.656
9.14 9.24 —85.4 —446 -10.9 1.089 1.081 1.611
9.53 9.55 —82.8 —418 —10.9 1.086 1.078 1.533
9.98 10.08 —84.7 —410 —10.9 1.088 1.081 1.513
10.99 10.85
11.73 11.28
Average 1.075 1.067 1.539
CaCO; 3"3C CaCO; -0.1
6.87 7.11 —63.3 —398 —6.0 1.061 1.069 1.481
7.08 7.2 —64.3 —39%4 —6.5 1.062 1.069 1.473
7.75 7.93 -72.9 —441 -7.3 1.071 1.079 1.595
8.59 8.97 —54.7 —409 —7.4 1.050 1.058 1.510
9.15 8.87 -27.6 —410 -7.5 1.021 1.028 1.512
9.66 9.23 —28.0 —431 —7.4 1.021 1.029 1.568
10.21 9.2
11.12 10.03
11.85 11.34
Average 1.055 1.048 1.523
Rockmann, 2010; Komatsu et al., 2011). Reproducibility of _ HCO, . CaCOs
H, analyses is +2.5%0 (10), as determined by repeated anal- £ 01001 . £ 01001
yses of a laboratory gas standard. The reproducibility of é E
carbon analyses is +0.2%c. For hydrogen isotopes of CHy, £ 0.0751 £ 0.0751
the reproducibility is +5%o. 5 ! S
[$] [}
2 4. Stead -§ 0.0501 . § 0.0501
4. y state model 2 g
T T
The isotopic fractionation modeling was implemented in O 00257 . . O 0.02%1
R (R Development Core Team, 2008), using the following § ’ ;
packages: dplyr, ggplot2, tidr, tibble, readxl, and gridExtra. & 0.000 ! ' —— & 0.000 . ! ! !
Equations were verified in Mathematica (Wolfram A8 oH e 10 v 8 oH 9 10

Research, Inc., 2017).
3. RESULTS
3.1. Methane production and isotopic composition across pH

Methane production occurred to a variable extent across
the experimental range of pH, with a maximum calculated
rate of 0.094 nmols CH,4/L/sec observed between pH 7.5-8
when Methanobacterium NSHQ4 was grown with NaHCO;
or CaCO; provided as the sole carbon source (Fig. 1). For
the NaHCO; experiments, the production of >0.04 mM
CH, required 11-21 days of growth for the lower pH (<9)
cultures, and 37-97 days for the pH 9-10 cultures. At high
pH (10.99 and 11.73) CH4 was not detected. For the vials
amended with CaCQOs, the lower pH cultures (<8) produced
>0.04 mM of CH, in only 8 days. The vials with a pH > 9

Fig. 1. Maximum rate of CH4 production (nmol/L/s) versus pH
for HCO3 and CaCOj; experiments. The pH values were measured
at the time of sampling headspace gas.

grew more slowly and did not produce >0.04 mM CH, until
45-98 days. The NaHCO; and CaCOj; experiments stopped
generating CH,4 once headspace concentrations stabilized at
~0.08 mM, due to H, limitation. The initial fluid pH values
for the 9 NaHCO; and 9 CaCOj; vials spanned from 6.87 to
11.73 (Table 1). In general, fluids experienced a slight
decrease in pH as methane accumulated.

The 83Ccpy values produced by Methanobacterium
NSHQ4 was measured over the range of pHs (Fig. 2).
The 8Cpjc from NaHCOs-amended experiments is
—3.83%0 and CaCOs-amended experiments is —0.10%0. At
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Fig. 2. pH vs 8'*C CHy for cultures of Methanobacterium NSHQ4
grown with either HCOj3- (green) or CaCOj (blue) carbon sources.
pH corresponds to the pH of the medium at the time of CHy
sampling. Dashed blue line shows the initial 8'*C of the NaHCO,
(—3.83%0) and dashed green line shows the initial 8'3C of CaCO;
(—=0.10%o0). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this
article.)

higher pHs, the 8'3Ccpi4 becomes more negative, decreasing
from —55 to —85%o in the NaHCO3;-fed cultures. From pH
7.11 to 7.93, CaCOs-amended cultures have similar
8'3Ccp4 values, but at pH > 9, the 813Ccpa increases to val-
ues as high as —28%o. This is in sharp contrast to 8'>C val-
ues of —76 to —85%o in similar pH ranges with NaHCO;
experiments.

The initial Dp,0 is —108%0 in NSHQO04 medium and
ODyp is —131%c. The dDcpy4 for culture growing with

CaCOz and NaHCO; was also measured (Fig. 3).
NaHCOs;-fed cultures had a tight range of values, dDcpq
—399 to —446%c. CaCOs-fed cultures also displayed a sim-
ilar range of values, Dcps —394 to —441%eo.

3.2. Hydrogen and carbon fractionation factor calculations
for NaHCO; vials

In order to easily compare isotope variations amongst
different species of methanogens, we calculated the net frac-
tionation factor both between the accumulated CH, and
NaHCOj; as well as between CH4 and CO, in the system,
assuming CO, to be in equilibrium with the practically infi-
nite reservoir of dissolved inorganic carbon from NaHCO;
(total CHy4 produced was <0.08% NaHCOs, SI Fig. 1). The
fractionation factors were calculated using the standard
equation for open systems (Valentine et al., 2004):

Ox/CH4 = 13Rx/13RCH4 = (SISCX + 1000)/(813CCH4 + 1000)
(1)
with x = HCO3; or CO,. The NaHCO; substrate was
measured as 8'°C = —3.83%0. To calculate the correspond-
ing pH-dependent 3'*Ccqs values (Table 1), first the con-
centrations of the carbon species (H,COs,q), HCO3, and
CO3") were determined at the pH of each vial, assuming
a total of 10 mM DIC in solution (SI Figs. 2 and 3). Carbon
speciation was calculated using a pKa; of 6.296 and pKa,
of 10.220 (Benjamin, 2002). The predicted isotope composi-
tion of each dissolved carbon species at each pH can be
quantitatively calculated at 40 °C (313.15 K) based on the
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Fig. 3. The 8D and 8'3C values of CH,4 show CH, isotope values for Methanobacterium grown over a range of pHs with CaCOs (green boxes)
and HCOj (blue circles) as carbon sources. Isotope values for CH, from Oman wells NSHQO04 and NSHQ14 from January 2014, 2015 and
2016 are in black triangles. The fields for various methane isotope values are general approximations based on the diagram from Etiope
(2016), (1-3) and do not represent the full range of diversity of these values, but serve as a general representation. The dashed line shows the
common demarcation for abiogenic vs microbial methane. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)



H.M. Miller et al./ Geochimica et Cosmochimica Acta 237 (2018) 18-31 23

following equations (Mook, 1986) (SI Text 1). The resulting
isotopic composition of each part of the DIC pool based on
pH and carbon species is shown in Supplementary SI Fig. 2.
The fractionation factor calculations for NaHCO; vials are
summarized in Table 1. The observed oycos/chs and result-
ing dcoz/cua for NaHCO; vials vary from 1.054 to 1.088
and 1.047 to 1.081, respectively.

The fractionation between 6Dpgs0 and 6Dcpy4 was also
calculated and shows that the olpo/cha varies from 1.458
to 1.656 for the NaHCO; vials. This was calculated by
modifying Eq. (1), replacing 8'*Ccpa with 8Dcps and
613CC02(aq) with SDHZO- SDHZO was measured as —108%o
in NSHQO04 medium.

3.3. Hydrogen and carbon fractionation factor calculations
for CaCOj; vials

Fractionation factors for CaCOs; vials (dcacos/cHas
olcoz/cha, and opoo/cha) Were calculated following a similar
approach. The measured dcacos/cua and estimated ooy
cns vary from 1.028 to 1.078 and 1.028 to 1.079, respec-
tively, and opro.cas from 1.473 to 1.595 (Table 1). How-
ever, in order to calculate 8'>Cco, values, we needed to
calculate the amount of CO, in the vials as before. The
CaCOsys) is sparingly soluble at high pHs, and the amount
of aqueous DIC pool varies orders of magnitude across the
range of experimental pH (see SI Fig. 3). To first order, the
CO3~ concentration is fixed by the K, and aCa®" in the
NSHQ04 medium. With 6 mM Ca?" in the initial medium,
the equilibrium dissolved CO3~ concentration is ~10752°
(0.57 uM), and the resulting speciation of all aqueous car-
bon species can be calculated based on this fixed amount
of CO3~ (SI Fig. 3). It is important to note that this is
the initial equilibrium state of the medium, which will then
be perturbed when methanogens are present and utilizing
H,CO3(aq). Consumption of H,COj3(,q) during methanogen-
esis will induce further CaCO5 dissolution, at a rate that is
dependent upon pH and the degree of undersaturation. The
fractionation factors for ocon/cns reported in Table 1 are
based on calculations with DIC in equilibrium with the
CaCOj; pool.

3.4. Gibbs free energy calculations

We calculated how much energy is available to the
methanogens at the time the headspace gas was sampled
for isotope measurements (2), which is based on the aque-
ous methanogenesis equation (3):

AG=AG +RTInQ (2)
4H2(aq) + H2CO3(aq) = CH4(aq) + 3H2O(l) (3)

AG°® is —193.01 kJ/mol at STP and pH 7 (Robie et al.,
1978). The van’t Hoff equation was used to calculate AG’
under experimental conditions when temperature (T) is
313.15 K (40 °C), which increases AG® to —214.33 kJ/mol.
R (ideal gas constant) is 8.314e™> kJ/mol *K. Q is
defined as:

Q = {H,0}’{CH,}/{H,CO;}{H,}* 4)

where {H,O} =1, and all the species in the gas concentra-
tions are calculated in their aqueous form, determined by
using a dimensionless Henry’s constant of 0.035 for CH4
and 0.019 for H, (Sander, 2015), calculated at 25 °C.
H,CO; concentrations were calculated as previously
described. The Gibbs free energy results for both NaHCO;
and CaCOs-amended experiments are shown in Table 2.

For the NaHCO;-amended experiment, the Gibbs free
energy calculation shows decreasing energy for CH, forma-
tion as pH increases. For the CaCO3z-amended experiment,
there is a similar trend in decreasing Gibbs free energy as
the pH increases. However, the energetics are less favorable
overall than in the NaHCOjs-amended experiment since
there are always orders of magnitude less H,CO; available
at any given pH (See SI Figs. 2 and 3).

3.5. Steady state model for NaHCOQOj carbon fractionation

We generated a steady state model to describe the car-
bon isotope fractionation during CH4 production in the
experiments buffered by NaHCOj (SI Fig. 4) that assumes
there is a significant excess of carbon available for the
microorganisms. The bioavailable aqueous carbon species
that diffuses into the cell is H,COs5, with a '*C yaco3 value
that is established according to Supplemental equations
(1)—(6) (SI equations). We assume that the process of diffu-
sion in the aqueous phase does not impart a significant car-
bon isotope fractionation compared to methanogenesis
(typically 0.7-0.8 permil, O’Leary, 1984). However, the
rates of CO, uptake and escape from the cell can affect
the observed net fractionation and need to be considered
when evaluating the 33C of the intracellular CO,. Thus,
solving this model yields the equation:

813CCH4 = 813CH2C03 + (fcsc * arcd)/(l + fcsc) (5)
&rr2c03—ctia = —(Fese * &rea) /(1 + fose) (6)
with the parameter
¢€Y(‘
esc = - 7
f‘ ¢red ( )

fesc relates the flux of CO, escape from the cell to the rate
of CO, reduction to CHy in the cell. g4 is the maximum
observed enzymatic fractionation expected in the experi-
ments, which we define as —78%o, based on the largest epsi-
lon value observed for the CaCO; experiments. Although
any particular mechanistic relationship between changes
in f.,. and pH cannot be inferred from the available data,
the observed isotopic fractionation (Table 1) evaluated in
the context of this first order model suggests a link between
increasing f... (from 1.4 to 24) and increasing culture pH as
illustrated in SI Fig. 5. Increasing f... values signify that the
rate of CHy production is slowing relative to the rate of
CO, diffusing out of the cell, which suggests that intracellu-
lar CO, is converted less efficiently at higher pH.

3.6. Steady state model for CaCOs-amended experiments

The CaCOjz-amended experiments explore a more
complex system, where dissolved inorganic carbon
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Table 2

Gibbs free energy calculations per mol CH, produced in NaHCO; and CaCO; experiments. Aqueous CHy and H, values reflect molar (M)
concentrations when gas was extracted for isotopic analysis. H,COj; values (M) were calculated based on pH of vials at time of sampling and
total carbon added to vials (SI Figs. 2 and 3). Q was calculated with molar concentrations, not activities, because the values do not vary
significantly for aqueous gases.

pH [CHa](aq) [Ha)(aq) [H>COs](aq) Q Gibbs free energy
(kJ/mol CHy)

NaHCO;

7.2 4.86E—11 4.90E—-08 1.12E-03 7.55E+21 —83.2

7.4 6.71E—11 4.09E—-08 7.35E—-04 3.25E+22 -79.4

7.7 7.63E—11 1.85E—08 3.82E-04 1.72E+24 —69.0

8.2 5.09E—11 5.15E—08 1.23E—-04 5.85E+22 -77.8

9.3 9.64E—11 1.87E—09 9.08E—06 8.59E+29 -34.9

9.6 2.00E—11 8.74E—10 4.18E—06 8.22E+30 -29.0

10.01 9.29E—11 1.24E—-09 9.72E-07 4.09E+31 —-24.8

CaCO;

7.06 6.02E—11 1.07E—08 1.42E—04 3.23E+25 —61.4

7.29 7.36E—11 4.79E—-09 8.94E—-05 1.56E+27 —51.3

7.77 6.59E—11 6.79E—08 3.56E—06 8.74E+23 —70.8

8.97 4.90E—12 1.91E-07 2.25E-08 1.63E+23 —75.2

8.87 7.17E—11 2.02E-08 3.56E—08 1.22E+28 —46.0

9.23 8.98E—11 2.88E—09 8.94E—09 1.45E+32 -21.5
concentrations at any given pH are controlled by the rate CO, diffuses into and out of the cell (assumed without sig-
and extent of CaCOj; dissolution. The fluxes of carbon nificant net fractionation). Some fraction of this CO, is
affected by carbonate dissolution and precipitation are enzymatically reduced to produce intracellular CH,4 with a
therefore incorporated as additional components to the kinetic carbon isotope effect. The generated CH, subse-
steady-state model (Fig. 4). Carbonate dissolution affects quently accumulates in the extracellular medium and head-
the rates of diffusion of CO, into and out of the cell, which space from where it is measured. Solving the steady-state
must be compared to rates of CO, reduction to CHy. Ini- model (SI Fig. 4) yields the following net isotope fraction-
tially, the extent of calcium carbonate dissolution necessary ation between the mineral substrate and resulting methane:
to establish equilibrium for the DIC pool is dependent upon

pH (see SI Fig. 3). Before the methanogens start consuming Ecucos/cis = (Ecox-/pic — scoz/pic) _ S precip escbred

CO,, the forward flux of carbonate dissolution is balanced ’ (f precip T 1) (Fese + D precip + 1)
by carbonate precipitation. Once methanogenesis proceeds, (8)

the excess CaCOs) can dissolve to restore equilibrium

when CO, is consumed by cellular uptake and methane with the parameters defined by Eq. (7) and:

production. The CO, portion of the DIC pool is isotopi- D precip
cally offset from the total pool, as described in Eq. (5). This I precip = b ©)
cell
B4iss = Ocacos 5"1""k° =8pic ++ &coamic .7 - 8rea=0c02 T Ered S Bace = Ocru
Z S <
¢dlSS q)u;ﬁ;kc <I)rcd Intra— (bﬁsc Extra-
CaCO3 DIC 1 C02 cellular ; cellular
<I)l.uecip (I)ck\capc CH4 /I CH4
\ /
6])1‘ccip = 6DI(‘ + €co32-DIC 6cscnpc = 5(‘05 S .7 <

(I)net = ‘bdiss - ¢precip: (I)uptake - d)escape = d>red = d)acc

Fig. 4. Steady state model illustrating the various carbon fluxes and their isotopic compositions in the CaCO; experiments. From left to right:
calcium carbonate dissolves (dgjss) and carbon accumulates in the dissolved inorganic carbon (DIC) pool from where the carbonate (CO%‘)
species can re-precipitate (Gprecip) and the CO, species can diffuse into the cell (Pyptake) and back out (Peseape) unless it is converted into CHy
(dreq) and subsequently accumulates in the extracellular medium and headspace. The measured isotopic composition is that of the
accumulated extracellular CHy, which was sampled from the headspace. The small isotopic effects associated with CHy diffusion through
water and partitioning between dissolved and gaseous CH4 do not have a significant effect and are excluded for clarity.
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Fig. 5. Range of ¢(CH; — CaCO;) values obtained from varying the rate of CO, escape from the cell (Pescape) and the rate of carbonate re-

precipitation ($precip) both relative to the methane production rate (req)-

ecoa-pic 1s the fractionation between the original CaCOj3
carbon source and the bioavailable form of carbonate,
H,CO3, which diffuses into the cell. cos_pic is the fraction-
ation of the CO3™~ portion of the carbon pool when it back-
precipitates as a carbonate mineral at high pHs. g4 is the
intrinsic fractionation of the enzymatic CO, reduction,
which we estimate at —78%o using the maximum observed
fractionation in the NaHCOj; experiments.

Fig. 5 illustrates the range of overall fractionation fac-
tors predicted by this model for fei and f,..., values
between 0 (no CO, escape from the cell/no carbonate
re-precipitation) and 10 (CO, flux escaping the cell
exceeds CO, reduction by 10:1/carbonate re-precipitation
flux exceeds CO, reduction by 10:1). Suppressed net frac-
tionations are predicted for small fo and f.i, values.
The predicted € is <30%0 when the flux of carbon that
undergoes irreversible reduction to methane (¢pq) com-
prises the majority of the total C that is released from
carbonate dissolution, thus leading to small fjc.i, values.
This also occurs when most of the carbon is reduced to
methane versus diffusing out of the cell (des), leading to
small fe, values (Fig. 5). In contrast, when fprecip OF freq
are above ~5, there are large fractionations when the rate
of reduction is slow compared to rates of precipitation
and escape.

4. DISCUSSION

4.1. Large variations in C isotope fractionation by
Methanobacterium NSHQ4. depending upon C source and pH

We simulated abundant carbon availability in the
NaHCOj3-amended experiments and variable carbon limita-
tion in the CaCOs-amended experiments to characterize the
diverse environments in which methanogens grow under
alkaline conditions. In the NaHCOs;-amended experiments,
the maximum carbon isotope fractionation increased as the
rate of methane production decreased at high pH (Fig. 2).
Physiological adaptations are expected to occur as pH
increases, since it is more challenging to maintain a proton
motive force, which causes organisms to expend more
energy to produce ATP, in turn leading to slower growth
rates. Typically, slower growth rates are associated with lar-
ger expressed isotope fractionation (Zyakun, 1996). The
AG of methane formation for NaHCOs-amended experi-
ments also decreased as a function of pH, primarily due
to low COyaq) (Table 2). In general, as the AG decreases
under environmental conditions, there is increased C
kinetic isotope effect in the reduction of CO, to CH,
(Valentine et al., 2004; Penning et al., 2005; Takai et al.,
2008). However, this effect is usually observed as pH
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decreases instead of pCO,. For example, maximum
313Ccpa depletion is only observed in methane when hydro-
genophilic methanogens are being sustained close to the
minimum free energy yield e.g. (Hoehler et al., 2000), and
the ocoz/cua 1s significantly reduced at high partial pres-
sures of H,. Therefore, it has been suggested that the
3'°Ccpa could be used as a diagnostic indicator of the
energy state of microbial communities in-situ (Hoehler
et al., 2000). However, the CaCOs-amended experiments
display notably suppressed carbon fractionation around
pH 9, which is not predicted by the decreasing AG values.

The steady state model of the NaHCOj3-amended exper-
iments illustrates that the resulting 8'Ccyy4 is dependent on
the value of g4 associated with methanogenesis, the start-
ing isotopic composition of the bioavailable carbon, and
the rates of CO, escape and uptake into the cell (SI
Fig. 4). It is important to note that this model assumes that
the culture growth can be approximated to be in a quasi
steady state, and that the methanogenesis reaction is prac-
tically irreversible under the experimental conditions we
tested. It also assumes that the produced CH, equilibrates
with the extracellular pool of CHy, and that the different
inorganic carbon species in the DIC pool equilibrate iso-
topically on time scales faster than the concomitant rates
of methane generation. This model can explain the
observed 8'°Ccpa values that range from —50 to —80%o
similar to the experimental pH range (Fig. S5).

In predicting carbon isotope fractionations during
methanogenesis, the possibility of enzymatic reversibility
must be considered for each step associated with methano-
genesis, including the final step catalyzed by methyl-
coenzyme M reductase (MCR) (Valentine et al., 2004;
Thauer, 2011; Scheller et al., 2013). Valentine et al. (2004)
proposed that the Gibbs free energy controls the magnitude
of reversibility, which is primarily controlled by H, partial
pressure. Experiments by Valentine et al. (2004) show that
abundant H, leads to larger Gibbs free energy values, less
carbon fractionation, and limited reversibility. In contrast,
limited H, leads to smaller Gibbs free energy values

Table 3
Fractionation factors for various species of Methanobacterium.

approaching zero, larger expressed carbon fractionation,
and presumably more reversibility. This suppresses kinetic
equilibrium effects, and instead leads to maximum
expressed carbon fractionation, which Zyakun (1996) pre-
dicts to be 100%o for methanogenesis.

The CaCOjz-amended experiments were also modeled
assuming steady state conditions (Fig. 4). However, we can-
not calculate exact fi,ccip and f..q values for these experi-
ments because the system is under constrained without
specific rate measurements (e.g. we did not quantify the cell
specific rate of CO, reduction, which is important for quan-
tifying key fluxes at each node). To be fully predictive, we
would also need to be able to quantify the absolute carbon-
ate dissolution and re-precipitation fluxes. Instead, we use
the model to explore the boundary conditions for C isotope
variation and potential fyccip and fieq values consistent with
our experimental observations. Small overall fractionation
factors ecacos/cna are predicted when either fiecip OF freq
are minimized (Eq. (8)). The largest fractionation occurs
around pH 7-8 when there are high methane production
rates and ¢4 is large. However, in these experiments, the
CH, production rate at pH 9 drops by an order of magni-
tude from its maximum rate. Changes in ¢ cannot
explain the suppressed fractionation at high pH. Instead,
we infer that the system has reached a critical threshold
in terms of the flux of bioavailable carbon provided by car-
bonate dissolution, leading to limited concentrations of
bioavailable carbon as the solubility and rates of CaCO;
decrease with increasing pH (Chou et al, 1989;
Pokrovsky and Schott, 1999). Thus, due to a limited carbon
pool, Methanobacterium NSHQ4 is consuming nearly all of
the available CO,, which suppresses isotopic fractionation.

We compared the fractionation factors for Methanobac-
terium NSHQ4 growing at alkaline pH to other known lab-
oratory culture studies of methanogens producing CHy
(Table 3). The maximum CO,-CH,4 fractionation factors
vary from 1.025 to 1.095 across a variety of studies
(Games et al., 1978; Balabane et al., 1987; Whiticar, 1999;
Chasar et al., 2000; Chidthaisong et al., 2002; Kohl et al.,

Organism Substrate Temperature Reference Max Pocoscns  Max 2oupo.crs
(°C)
Methanogen fractionation factors
Methanobacterium NSHQ4 H,/CO, 40 This paper 1.076 1.354
Methanobacterium thermoautotrophicum H,/CO, 65 Games et al. (1978) 1.025 NA
Methanobacterium bryantii H,/CO, 40 Games et al. (1978) 1.061 NA
Methanobacterium formicicum H,/CO, 34 Balabane et al. (1987) 1.055 1.674
Methanobacterium strain MoH H,/CO, 40 Games et al. (1978) 1.061 NA
Methanobacterium spp. from rice soil H,/CO, 30 Chidthaisong et al. (2002) 1.052 1.65
Methanobacterium spp. from rice roots H,/CO, 30 Chidthaisong et al. (2002) 1.06 1.86
Methanogens (unspecified culture) H,/CO, NA Whiticar (1999) 1.055-1.058 NA
Unspecificed Methanogen culture H,/CO, NA Whiticar (1999) 1.049-1.095 1.16
Unspecificed Methanogen H,/CO, NA Chasar et al (2000) 1.06-1.08 1.25-1.35

High pH methanogens
Unidentified methanogen (growing at high pH) H,/CO,

Kohl et al. (2016) 1.078 1.5
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2016). In this study, the maximum ocos.caa 1S 1.076. When
considering oypo.cua, We note that it is the 8D of the water,
not the initial H,, that controls the 6D of CH4 produced
from CO»-reduction (e.g. Daniels, 1980; Valentine et al.,
2004). There is less data available for oyo.crg for diverse
methanogens, and the range is much broader from 1.16 to
1.86; our calculated ogr0-chs 1S 1.354, in the middle of
the range. Thus, Methanobacterium NSHQ4 growing at
high pH in culture does not have significantly different
hydrogen isotopic fractionation factors than other
methanogens.

4.2. Environmental relevance

Our results demonstrate that both highly depleted and
relatively enriched 8'*Ccpy is produced by Methanobac-
terium NSHQ4 under carbon limitation at high pH. The
carbon isotope fractionation depends on the degree of car-
bon limitation. In the NaHCO; experiments, although CO,
(aq) 18 low at pH 9 and above, there is orders of magnitude
more DIC than in the experiments that are buffered by
CaCOgj; dissolution. Slow methane generation, in conjunc-
tion with abundant DIC, leads to increased carbon frac-
tionation at high pH.

When interpreting CH,4 isotopes from hyperalkaline
environments, it is important to consider the carbon source
and availability. For example, soda lakes are in contact
with atmospheric CO, (Oremland et al., 1987), and shallow
subsurface systems are often open with respect to CO,
(Morrill et al., 2013). However, many systems are often
not appreciably supplied with atmospheric CO,. From this
work, it is reasonable to predict very large (>50%o)
increases in 8'3Ccyy in rock-hosted systems where DIC is
low but the rocks are partly carbonated and can continu-
ally provide a small, slow source of CO, to sustain
methanogenesis when H; is available. Thus, when we eval-
uate high pH fluids from closed systems with long resi-
dence times, we must consider whether methanogens may
be utilizing carbonate-derived carbon. For example, even
though subsurface alkaline fluids in Oman contain little
DIC, there are widespread carbonate veins in the peridotite
(Kelemen et al., 2011). The 83 Cepa produced under these
conditions would strongly overlap with the traditionally
interpreted ‘“‘abiogenic” methane field (e.g. in Fig. 3).
Microbiology may be significantly contributing to CH,
production in ways that cannot be easily discerned from
isotope systematics.

4.3. Significance of carbon and hydrogen isotope values of
CH, in hyperalkaline fluids

It is challenging to determine the source of dissolved
methane detected in hyperalkaline fluids. The Samail Ophi-
olite in Oman, including the CH4 detected in well NSHQO4
from which the Methanobacterium NSHQ4 were isolated
(Miller et al. 2016), contains positive 8'*Ccps values
(+2.4 and +3%o). As discussed by Etiope (2016) and Miller
et al. (2017), the methane from these serpentinites is typi-
cally classified as abiogenic. The methane is inferred to have
formed through low-temperature, metal catalyzed

FTT-type or Sabatier reactions, even though such reactions
have not been directly observed under the hydrated and
low-temperature conditions that persist in serpentinite
aquifers.

However, the results of this study suggest that the rela-
tively positive 8'*Ccpis values observed in the Samail ophi-
olite are higher than feasible through methanogenesis
alone. Subsurface carbonate veins from Oman have
313Cyppp values ranging from —1.48 to —7.05%0 (Clark
and Fontes, 1990; Kelemen and Matter, 2008; Kelemen
et al., 2011; Mervine et al., 2014; Miller et al., 2016), and
so even in the extreme case that all dissolving carbonate
were immediately converted to CHy, the 3"3Ccpa values
could reach the same values as the rock-hosted carbon
pool, but not more positive. Thus another mechanism in
addition to, or besides, methanogenesis, must be invoked.

It is worthwhile to explore the effect of potential aerobic
and/or anaerobic methane oxidation on the isotopic com-
position of the residual methane, if we start our calculations
with the most elevated microbial §'*Ccya observed at high
pH in our CaCOj; experiments. Progressive oxidation of
this microbially produced CH4; was modeled assuming a
closed, irreversible system with Rayleigh distillation. No
additional methanogenesis was permitted to occur. The ini-
tial 8'3C and 8D values of the CH, used in the calculations
were —27.6%0 and —410%o, respectively, based on values
from Methanobacterium NSHQ4 CaCO; cultures at ~pH
9. It is important to note that the dDy»o of fluid from
Oman varies from —15 to +3%o (average —6%o), whereas
the laboratory water dDy»0 is —108%o, which makes it hard
to directly compare our calculations to the environmental
data. To account for this difference, we used the average
op2o/cua Oof 1.523 to calculate a starting 8Dcpg 1is
—347%o. This simply assumes the hydrogen in the methane
is in equilibrium with Oman water vs. experimental water.
We then assume this CH, is subsequently oxidized by an
unknown methane oxidizer, by applying two different
potential fractionation factors for aerobic and anaerobic
methane oxidation. The model is closed and unidirectional
with the consumption of CH,4 to CO, without additional or
concurrent CHy production.

The equations used were standard Rayleigh distillation
equations applied to methane oxidation, as briefly summa-
rized below:

613CCH4 = 813CCHZ + & x In[CH,]/[CH 4],y (10)

_lCH)/[CH,,,
[ [CH./[CH.)

total ( 11 )

where € = (a0 — 1) * 1000, the ratio of CH4 shows how much
CH,4 has been consumed relative to the total starting
amount, and dCHy, is the initial value of CHy4 in the sys-
tem. The fractionation factors used in the model ranged
from OlcH4/CcO2 = 1.012 to 1.039 and OlCH4/H20 = 1.109 to
1.315 (Holler et al., 2009). These values encompass data
for both anaerobic and aerobic carbon fractionation.
Methanotrophs such as Methylococcus sp. that utilize
methane monooxygenase have been detected in the subsur-

13 13
1) CCOE =9 CCHz — &
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face CH, rich fluids in Oman (Miller et al., 2016). It is not
apparent if anaerobic methane oxidation processes are
occurring in the subsurface fluids. Methane oxidation utiliz-
ing nitrate, sulfate and Fe(I1I)-oxides is thermodynamically
favorable in-situ, but known anaerobic methane oxidizing
organisms such as ANME have not been detected in 16S
rRNA sequencing of biomass (Miller et al. 2016;
Rempfert et al. 2017). The anaerobic carbon fractionation
values were obtained from measuring CH4 consumed by
enrichment cultures of anaerobic sea sediments (Holler
et al., 2009). These are some of the few experimental values
provided for anaerobic methane oxidation, and they align
with fractionation factor estimates proposed by other
authors (Valentine et al., 2004; Conrad, 2005).

Although methanogenesis alone cannot generate
relatively high 8'*Ccps and 8Dcypys observed in subsurface

Conservative C
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fluids in Oman, subsequent methane oxidation of micro-
bially produced methane could lead to these values
(Fig. 6). The most conservative ocpa/cor 1.012 for
3'Ccpa would produce the maximum measured 8'°C cpya
of 3%0 when >75% of the original CH4 was consumed.
However, if the 1.039 carbon isotope fractionation factor
is applied, the residual 8'*Ccpy value of +3%o is achieved
by consuming only slightly over 50% of the original CHy.
The 6Dcps models are similar. The initial 6Dcpa of
—347%o 1s increased during oxidation along a steeper slope
than 8'"*Ccpg. In order to obtain 8Dy values measured in
subsurface wells from Oman (—200%0) ~75% of the CHy
would be consumed in the upper limit case, where ocpa/
Hoo 1s 1.315. In the conservative case (dcha/m20 18 1.109).
Approximately 30% of the CH4 would be consumed to
produce the observed dDcpy.

Conservative H

-100 4
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Jbo
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-300 4

-400
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fraction remaining CH4
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Fig. 6. Expected changes in §'°C and 8D of residual CH, during incremental closed-system oxidation under two different fractionation

factors scenarios. Initial value of 8'3C is —27.6%0 and 8D is —347%o, as

indicated by the solid black lines. Conservative C fractionation factor

olcHa/coz 18 1.012 (=12%o) and upper limit oicpa/coz is 1.039 (=39%0). Conservative H fractionation factor ocpa oo is 1.109 (109%o0) and upper

limit H otcpa/mao 18 1.315 (315%0). Fractionation factors are taken from

Holler et al. (4). Dashed green lines indicate the 3'*C and 8D values of

methane (+3%o and —200%o, respectively) that have been measured from subsurface fluids rich in CH4 in an Oman hyperalkaline serpentinite

aquifer. The isotopic composition shown for the accumulated product

(CO;, and H,O, respectively in blue) represents only the pool released

from methane oxidation and not any mixing with pre-existing sources of CO, and H,O. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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5. CONCLUSIONS

We report CO,-CH,4 and H,O-CHy fractionation factors
for Methanobacterium NSHQ4 growing at alkaline pH with
both sodium bicarbonate and calcium carbonate as a car-
bon source. The hydrogen fractionation factors in both
experiments are similar, with an average oyso.cns4 Of
1.309. However, the range of expressed carbon isotope frac-
tions is much larger (0coor.crs 1.045-1.075). The expressed
carbon fractionation factors of organisms consuming
NaHCOs increases with increasing pH, resulting in increas-
ingly negative 8'*Ccpa as low as —85%o. Up to pH ~ 8.9,
CaCOj; experiments also display a trend of increased car-
bon isotope fractionation with increasing pH. However,
near pH 9 in carbonate-fed experiments, carbon isotope
fractionation is suppressed, resulting in 8'Ccpy values as
high as —28%o. This is a more positive *Ccyy than typically
observed in methanogenesis (Whiticar, 1999). However, it
only occurs when CaCOs; is a carbon source for methano-
genesis at high pH when carbon availability is controlled
by carbonate dissolution dynamics.

To expand upon our laboratory data, we modeled
expected 8'*Ccypis values in high pH environments by using
observed fractionation factors and variable rates of CO,
uptake and reduction. If bioavailable carbon is not limited
and Methanobacterium NSHQ4 is growing slowly in fluids
>pH 9, the resulting CH, produced by methanogenesis
would show large carbon isotope fractionation. It would
be ~70%0 more depleted in 13Ccpa4 than the source carbon.
If dissolved H,, CO, and CH, are close to thermodynamic
equilibrium, the resulting '*Ccyys could be depleted up to
—100%o relative to the initial carbon source (Zyakun 1996).
If carbon is derived from carbonate mineral dissolution at
pH > 9, and dissolution limits methane generation, then
the resulting carbon fractionation is suppressed. This is
due to microbes consuming most of the bioavailable carbon
and is limited by the rate of carbon dissolution at high pH.

Methanogenesis at high pH and under carbon-limited
conditions, when paired with a later, separate stage of
methane oxidation, can lead to unusually positive
8'3Ccpa and 8Dcyy4 values. We calculated the effects of oxi-
dation of methane, starting with the heavier carbon and iso-
tope values observed in high pH and carbon-limited
conditions in the laboratory. Modeling shows it is possible
to oxidize ~50% of CH, with a 8'3Ccpa values of —28%o to
produce a residual 8'3Ccmq of +2%o, as measured from sub-
surface wells in Oman.

Importantly, methanogenesis can proceed under highly
C limited conditions utilizing CaCOj3 as a carbon source,
even at high pH. Methane isotope compositions contain
valuable information regarding environmental conditions
of methane formation, but as this study shows, they cannot
be used alone to preclude microbial activity. We suggest
that microbial processes may quantitatively contribute to
methane production in rock-hosted aquifers, including
within systems that have previously been inferred to be
dominated by ‘“abiogenic” methane for which there is no
proven mechanism of formation. With growing evidence
of modern-day CH, releases of methane on Mars
(Mumma et al., 2009; Webster et al., 2015), as well as

CH, detected in hyperalkaline plumes on Enceladus
(Waite et al., 2006; Waite et al., 2017), it is vital to under-
stand that it should at least be possible to support microbial
methane formation in hyperalkaline serpentinizing systems
on Earth, if sufficient dissolved inorganic carbon or mineral
carbonates are present to serve as a carbon source.
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