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Abstract

Methane is abundant in marine subsurface sediments, sourced from microbial or thermocatalytic production. The relative
composition of its isotopologues ('2CH,, *CH,4, ">)CH;D and '*CH;D) is used to infer its sources and sinks. The anaerobic
oxidation of methane (AOM) is an important methane sink reaction carried out by consortia of anaerobic methanotrophic
archaea (ANME) and partner bacteria in the presence of methane and sulfate. We investigated the methane isotopologue frac-
tionations during AOM in experiments with cultures of ANME-1 archaea and partner bacteria obtained from hydrothermally
heated gas-rich sediments of the Guaymas Basin. During partial methane consumption in four sets of experiments, residual
methane became enriched in '*CH,4 and '>’CH;D, following kinetic fractionations from 11.1 to 18.3%0 and from 117 to 180%o,
respectively. Results from one set of experiments with D-depleted medium water (8D =—-200%o0, whereas the control was —
55%o) suggest the potential reversibility during the methane activation step, which would contribute to equilibrium as opposed
to kinetic fractionations. The value of A*CH;D (the abundance of '>*CH;D with respect to that expected from stochastic dis-
tribution) increased toward and beyond (up to 8.4%o) the value expected for isotopologue equilibrium (5.3%0 at 37 °C). The
kinetic clumped isotopologue fractionation (difference between '*CH;D/'*CH;D and '*CH,/'*CH, fractionations) of 4.8 to
12.8%o is in contrast with our previous observation of little to no clumped isotopologue effect during aerobic methane oxida-
tion. Our results demonstrate that AOM can contribute to near-equilibrium A'>*CH;D values observed in marine sediments
and '*CH;D systematics can be used to distinguish aerobic versus anaerobic methanotrophic processes in nature.
© 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Marine sediments store about 500-5000 Gt of methane
(Buffett and Archer, 2004; Milkov, 2004). This methane
derives from three main sources. In deep marine sediments,
typically a few km or deeper, thermogenic methane is pro-
duced via the thermocatalytic decay of organic matter (e.g.,
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Tissot et al., 1974). In shallower anoxic sediments and pet-
roleum reservoirs, typically below ca. 60-80 °C, archaea
produce methane as a metabolic product (Wilhelms et al.,
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2001; Reeburgh, 2007; Inagaki et al., 2015). A minor com-
ponent of marine methane may originate from abiotic
methane production during the alteration of seafloor rocks
(e.g., McDermott et al., 2015; Wang et al., 2018; Klein
et al., 2019). The origins of methane are often inferred
based on its carbon (**C/!>C) and hydrogen (D/H) isotopic
compositions (e.g., Schoell, 1980; Whiticar, 1999). Methane
that is depleted in '*C by < -45%o (with respect to PDB) is
usually interpreted as microbial in origin. Thermogenic
methane is usually more *C-enriched. The boundaries
between these values are not well defined.

In addition to bulk isotope ratios, the relative abun-
dance of rare methane isotopologues with multiple heavy
isotope substitutions (e.g., *CH;D and '2CH,D,), also
known as clumped isotopologues, has been proposed as a
tool to gauge the temperature of methane generation or iso-
topic re-equilibration (Stolper et al., 2014ab; Wang et al.,
2015; Young et al., 2017). This approach is based on the
isotopologue exchange reaction:

13C,H4 + IZCH3D <—>13CH3D + 12CH4 (1)

The equilibrium constant of this reaction primarily
depends on temperature, approaching unity at high temper-
atures (1.0002 at 1,000 °C) and expected to be about 1.0057
at 25 °C. The effects of pressure, hydration, salinity etc. are
expected to be small but have not been carefully examined.
Thus, precise measurements of four isotopologues of
methane yield the apparent temperature that is expected if
isotopologues were thermally equilibrated. Studies thus
far have shown that the clumped isotopologue composition
of methane from subsurface environments (e.g., marine sed-
iment porewater, natural gas deposits) often yields reason-
able formation temperatures, whereas methane sampled
from surface environments (e.g., ruminants, lakes, and
swamps) is characterized by clear kinetic signals that yield
apparent clumped isotopologue temperatures much higher
than the environmental temperatures (Stolper et al.,
2014b, 2015; Wang et al., 2015; Douglas et al., 2017,
2020; Young et al., 2017; Ash et al., 2019; Giunta et al.,
2019).

The kinetic isotopologue signals from surface methane
are consistent with those from laboratory culture experi-
ments, in which methanogens consistently produced
methane with non-equilibrium isotopologue compositions
(Wang et al., 2015; Douglas et al., 2017, 2020; Young
et al., 2017; Gruen et al., 2018; Stolper et al., 2015). Previ-
ous studies have also investigated the clumped methane iso-
topologue fractionation during sink reactions, including
aerobic methane oxidation (Wang et al., 2016) and gas
phase methane oxidation by OH and Cl radicals
(Whitehill et al., 2017; Joelsson et al., 2014, 2016). Both
processes fractionate isotopologues in such a way that the
remaining methane is more depleted in '*CH;D, which
brings '*CH;D abundance away from that expected for
equilibrium. Therefore, questions remain as to how
methane with apparent equilibrium isotopologue signals
can be produced in marine subsurface environments. It
has been hypothesized that methane with equilibrium iso-
topologue composition is linked to high reversibility of slow
methanogenesis in low-energy environments (Stolper et al.,

2015; Wang et al., 2015; Okumura et al., 2016) and/or the
result of the anaerobic oxidation of methane (AOM)
(Okumura et al., 2016; Ash et al., 2019; Giunta et al.,
2019). A question remains whether AOM is required to pro-
duce equilibrium 8D and A*CH3D (and A'>CH,D») sig-
nals. We note that similar questions were raised for sulfur
isotope systems whether near-equilibrium 3*S/*?S fractiona-
tion requires oxidative sulfur cycles or can be produced by
microbial sulfate reduction alone (e.g., Canfield and
Thamdrup, 1994; Sim et al., 2011).

The AOM is performed by anaerobic methane-oxidizing
archaea (ANME) that form consortia with sulfate-reducing
bacteria (reviewed in Knittel et al., 2019). The ANME are
relatives of methanogens and they reverse the entire
methanogenesis pathway for methane oxidation (Hallam
et al., 2004; Meyerdierks et al., 2010). The effect of AOM
on carbon and hydrogen isotopic compositions of methane
has been investigated in multiple studies. At seawater sul-
fate concentrations (28 mM), AOM has kinetic carbon
and hydrogen isotope fractionations resulting in the enrich-
ment of 3C and D in the remaining methane (Holler et al.,
2009). In contrast, AOM at low sulfate concentrations
results in '*C-depletion in the remaining methane. The
decreasing methane carbon isotopic compositions were
explained as isotopic equilibration between methane and
inorganic carbon mediated by AOM (Yoshinaga et al.,
2014). The different availability of sulfate may explain the
variant methane isotope patterns observed in AOM active
marine sediments (Borowski et al., 1997; Pohlman et al.,
2008; Yoshinaga et al., 2014). Similar studies for the hydro-
gen isotope systematics have not been published.

This study experimentally examines the bulk ('*C/"’C
and D/H) and clumped isotopologue ('*CH;D) fractiona-
tion of AOM. The cultures used in this study consist of con-
sortia of ANME of the ANME-1 clade and the partner
bacteria of the Seep-SRB2 group (Holler et al., 2011a;
Krukenberg et al., 2018). To reveal the isotope fractiona-
tion patterns of AOM, we measured the relative abundance
of four isotopologues, 2CH,, '*CH,, '2CH;D and *CH;D
of methane remaining in the cultures. The fractionation of
3CH;D for AOM is characteristically different from that of
aerobic methane oxidation reported in a previous study
(Wang et al., 2016). Our study suggests that AOM may
contribute to, although is not necessarily required for, the
near-equilibrium isotopologue signals observed in marine
environments.

2. METHODS
2.1. Description of culture experiments

All experiments were performed with sediment-free
37°C AOM enrichment cultures obtained from
hydrothermally-heated, gas-rich sediments of the Guaymas
Basin sampled during RV Atlantis cruise AT15-56 with the
submarine ALVIN in December 2009. The cultivation pro-
cedures, physiological properties and microbial composi-
tions of this culture have been described before (Holler
et al,, 2011a; Wegener et al., 2016; Krukenberg et al.,
2018; Laso-Pérez et al., 2018).
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Table 1
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Results from incubation experiments with the AOM cultures. Errors for A'*CH;D values are 95% confidence intervals for TILDAS

measurements (N =4 to 8).

Sample ID time (days) CH, oxidized sulfide D0 33 Cpic (%o) 33 Cena (%o) 8D ACH;D
(%) (mM) (%) (%) (%)
Initial CH, from cylinder for C and B series —36.74 —166.02 1.63 £+ 0.64
C series
CO0 0 0.0 0.39 nm. nm. nm. nm. nm.
Cl 1 0.5 0.46 —48.2 -9.2 -37.12 —165.14 1.79 +£0.32
C2 8 8.1 1.50 —48.8 —10.3 —35.44 —153.75 2.13+0.28
C3 14 12.6 2.14 —48.7 —11.2 —34.23 —142.09 2.35+0.43
C4 21 21.5 3.36 —48.6 —12.1 -33.05 —130.19 3.05+0.46
C5 28 31.2 4.68 —48.6 —13.0 -31.16 —111.49 3.86 +0.33
Co6 35 343 5.11 —48.6 —134 —30.68 —108.10 4.37 +£0.23
C7 42 35.6 5.29 —48.6 —13.7 —29.05 -92.67 5.06 +0.25
B-series
BO 0 0.0 0.32 n.m. nm. —-36.90 —166.02 1.74 £ 0.22
B1 4 5.2 1.04 —53.6 —13.3 —36.07 —158.89 2.07 +0.42
B2 11 13.4 2.18 —53.5 —14.1 —34.01 —141.00 2.65+0.28
B3 18 24.1 3.64 -53.6 —16.4 -32.33 —126.44 298 +0.18
B4 25 35.1 5.14 —-53.7 —16.7 -31.19 —117.09 3.34+0.18
B5 32 43.0 6.18 —53.7 —18.0 nm. nm. nm.
B6 39 46.6 6.71 —53.5 —18.6 —26.71 —80.47 4.47+0.10
B7 46 61.0 8.68 -53.5 -20.2 —21.81 -37.72 5.474+0.20
B8 54 55.0 7.86 —53.6 —-19.5 nm. n.m. nm.
B9 60 69.9 9.86 —53.7 —20.7 —18.90 —6.39 7.07 +0.22
BI10 67 75.2 10.64 —53.8 —20.6 nm. nm. nm.
Abiotic controls
X1 1 n.m. 0 —48.6 —-7.2 —36.82 —165.95 1.87 +0.49
X2 14 n.m. 0 —48.5 -84 —36.68 —165.78 1.41 +£0.38
X3 41 n.m. 0 —48.5 —8.7 —36.31 —164.93 1.45+0.25
Initial CH, from cylinder for D and N series —42.00 —189.56 2.5+0093
D-series
Dl 0 0.0 0.44 —-202.2 —-17.9 —42.12 —189.82 2.67 +0.29
D2 3 1.7 0.69 —-199.6 —18.6 —42.00 —187.68 2.95+0.30
D3 7 7.1 1.49 —199.8 —20.1 —41.42 —182.54 3.54+0.23
D4 11 12.9 2.36 —199.9 -22.3 —40.51 —174.37 3.74+0.18
D5 15 20.9 3.56 —200.3 —24.0 —39.61 —166.58 4.1+0.32
D6 19 26.5 4.40 —200.2 —25.2 nm. nm. nm.
D7 24 35.3 5.71 —199.3 —26.5 —36.89 —146.01 4.68 +0.36
D8 28 49.7 7.85 —199.7 —28.3 —36.04 —138.37 5.194+0.22
D9 31 50.1 7.93 —200.6 —28.6 nm. nm. nm.
D10 35 61.6 9.64 —-199.4 —30.1 -32.45 —107.65 6.36 +0.18
Dl11 49 81.8 12.65 —201.0 —31.1 —-30.34 —79.77 8.46 +0.21
N-series
N1 0 0.0 0.36 —55.5 —17.8 —42.09 —189.82 2.54 +0.46
N2 n.m. n.m. 0.65 -55.0 —18.5 nm. n.m. n.m.
N3 7 7.1 1.42 -55.0 —19.7 —41.57 —180.64 3.17+0.28
N4 n.m. n.m. 3.20 n.m. -23.4 nm. nm. nm.
NS5 24 23.6 3.89 —54.8 —24.3 —38.82 —156.82 3.35+0.33
N6 31 47.5 7.45 —55.0 —28.2 —35.28 —126.22 4.434+0.34

n.m.: not measured

The analysis of methane clumped isotopologue composi-
tion requires a relatively large gas sample of 40 umol or
more methane. To meet this requirement, we performed
four different (C, B, D and N) series of 6 to 11 replicate
incubations each (Table 1). Experiment C- and B-series
were run as duplicates (the same starting methane and car-

ried out at the same time). D- and N-series used the same
starting methane but D-series used D-depleted water med-
ium (8Dpp0 =-200%0, Table 1) to test the potential
exchange of H isotopes between water and methane.
N-series (normal D-experiment, 8Dpr0 =-55%0) is a
control for D-series that was run simultaneously with the
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D-series. Experiment X-series are the abiotic control exper-
iments run at the same time as B- and C-series experiments.
These control experiments were not inoculated in order to
test the potential isotopologue fractionation during sample
processing.

For the experiment, a suitable amount of culture target-
ing a methane-dependent sulfate reduction rate of 100-
150 pmol 17! d~! was homogenized by stirring in an anoxic
chamber free of hydrogen gas. The homogenized culture
was supplied with fresh artificial saline medium with seawa-
ter sulfate concentration (28 mM) and 10 mM dissolved
inorganic carbon (DIC). The culture was then equally dis-
tributed to 70-ml culture vials and filled up completely with
culture medium. For the experiment with low D-H,O (D-
series), the culture medium was prepared with 200 ml D-
depleted water (<1 ppm D, Sigma-Aldrich) and 800 ml
ultrapure water.

The completely filled and closed culture bottles were
removed from the chamber and 7 ml of the medium volume
was replaced with 20 ml of methane:CO, (90:10) gas mix-
ture that supplied 0.75 mmol methane to the culture.
Hence, all experiments were performed under excess of sul-
fate (1.76 mmol per vial). All bottles were transferred into a
37 °C incubator equipped with a shaking table operated at
70 rpm. Due to constant agitation of the bottles and the
slow AOM rate, all reactants and products of AOM includ-
ing methane isotopologues are considered to be equili-
brated between liquid and headspace. Sulfide
concentrations for samples were measured every 3-5 days
from 0.1 ml sample volume in a miniaturized 4 ml copper
sulfate assay (Cord-Ruwish, 1985). The increase of sulfide
concentrations was used to determine the amount of
methane consumed in the samples, assuming 1:1 stoichiom-
etry between methane oxidation and sulfide production,
according to the reaction stoichiometry, CH4 + SO~ —
HCO3; + HS™ + H,O.

At the beginning of the experiment and when reaching
designated sulfide concentrations (i.e., reaching specific par-
tial methane consumption values), these bottles were sam-
pled for different measurements. The liquid phase was
sampled for the measurement of DIC isotopic compositions
(filtration of 6 ml medium into Exetainer® vials, Labco)
and the determination of hydrogen isotopic composition
of water (filtration of 2 ml into Exetainer). Then, the cul-
ture headspace was completely replaced with anoxic DIC-
free medium, while a syringe concurrently collected the
headspace (methane). This gas was transferred to another
culture vial that was filled with 10 % NaOH solution by
displacement.

2.2. Isotope ratio analyses

Isotope ratios are reported using standard delta-
notation:
. A/ A
61A _ ( / )sample 1 (2)
( lIA/ JA)reference
where, ‘A is ?H (symbol D is used as deuterium), B¢, or
80, for the isotope ratio (‘AfA), 2H/'H, '3C/">C or

80/1°0, respectively. Following ITUPAC recommenda-
tions, the commonly used multiplication factor of 1000 is
omitted from the definition since it technically belongs to
per mil (%o) (Coplen, 2011).

Hydrogen isotopic compositions of medium water
(0Dm20) were measured by cavity ring-down spectrometry
(Picarro L-2130-i). The geometric mean and relative stan-
dard deviations are calculated from the last three of nine
7 pl injections of a 0.2 pm-filtered water sample. The results
are calibrated against the VSMOW2 and SLAP2 isotope
standards. For calibration, we used 39:1, 19:1, 9:1 and 5:1
mixtures of our lab standard “LMOW” (6180 = +0.10%o,
6D = +0.45%0 on the VSMOW2-SLAP2 scale) and SLAP2.

Carbon isotopic compositions of DIC were determined
by isotope ratio infrared spectrometry (IRIS; Thermo Sci-
entific Delta Ray IRIS with URI connect and Cetac
ASX-7100 Autosampler). Measurement vials (12 ml Exe-
tainer® vials; Labco) were filled with 100 pl phosphoric acid
(45%) and headspace was flushed and replaced with syn-
thetic air for 3 minutes. Samples (1 ml each) were injected
via a syringe and kept at room temperature for transforma-
tion of DIC into CO,. After 10 hours of equilibration, the
carbon isotopic composition of CO, of each sample was
analyzed.

2.3. Methane isotopologue analysis

Samples of methane (>40 umol) were purified by cryo-
genic distillation to remove water and CO,, followed by
cryofocusing-preparative gas chromatography (Wang
et al., 2015, 2016). Preparative gas chromatography is
equipped with a packed column (Carboxen-1000, 5" x1/8",
Supelco) held at 30 °C with helium carrier gas. The eluted
methane was trapped on activated charcoal at liquid nitro-
gen temperature. The relative abundances of '>’CH,, '*CH.,
2CH;D and '*CH;D were measured using tunable infrared
laser direct absorption spectroscopy (TILDAS) described
previously by Ono et al. (2014).

Results in Table 1 show 95% confidence interval for the
spectroscopic measurements, typically 0.2 to 0.4%c for
A"CH;D values. This does not include potential fractiona-
tion during sample preparation. Data for abiotic control
experiments (X-series, Table 1) show that the errors for
sample preparation processes are comparable to the 95%
confidence above. Most samples were measured by the recy-
cle mode, in which sample CH4 was recovered from the
TILDAS absorption cell to the cold trap, and reintroduced
to TILDAS for 6 to 10 times. This allows repeated compar-
ison of sample against reference gas. Thus, precision is not
necessarily a function of sample size. Isotope values are
reported using standard delta notation against PDB and
SMOW for the ratios '*C/'2C and D/H, respectively. This
isotope scale was calibrated by the measurements of
NGS-1 and NGS-3 (Wang et al., 2016).

We define A'>*CH;D value as a measure of the abun-
dance of *CH;D relative to stochastic distributions (Ono
et al., 2014):

3)

A ‘3CH3D:In< PCH;D IZCH“)

2CH,D *CH,
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The relationship between A'>*CH;D values and apparent
methane generation temperatures is based on the formula

3
A BCH;D(T) = —0.11006 (&;)0)

2
+ 1.04151(10$)

—0.55235 <@) (4)

where 7 is temperature in Kelvin. The equation is
approximated from the solution based on the fundamental
vibrational frequencies calculated by density functional
theory (Whitehill et al., 2017). Eq. (4) produces lower
ACH;D values by 0.1 & 0.01%o (for the temperature range
from 20 to 160 °C) compared to the recent calibration by
Eldridge et al. (2019).

2.4. Calculation of isotope fractionation factors

Isotope fractionation factors (o values) are calculated
based on the conventional Rayleigh equation (Mariotti
et al., 1981):

In(8"C+1)=In(6"Co+1) + (Pa—1)-Inf and, (5)
In(0D+1)=In(6Dy+ 1)+ ( 2a—1)-Inf. (6)

where f'is the fraction of CH4 remaining, and 134 and 2o are
the kinetic isotope fractionation factors for carbon
("*C/">C) and hydrogen (D/H) isotopes, respectively, and
313C, and 8Dy are initial isotope compositions of methane.
The kinetic fractionation factor is the ratio of the rate con-
stants for '*CH4 or 'CH;D relative to 'CH,4 (e.g.,
13oc:k13cﬂ4/klzcﬂ4). The & symbol is used to represent
the departure of fractionation factors from unity
(e = 1-"0 or %e = 1-%a). Equations (5) and (6) are exact
solutions when f is quantified as the fraction of '>CH,
remaining (as opposed to total methane isotopologues).
Fractionations (slopes) and their uncertainty are calculated
by weighted least square method of York et al. (2004).
Errors for H,S concentrations are estimated to be 5% of
measured value. For isotopologue ratios, 95% confidence
interval for 4 to 8 measurements were used to estimate
errors (Table 1; Fig. 1).

The corresponding equation for the A'>CH;D value is:

APCH;D = APCH;D + ( B2a— Ba— 2a+41)-Inf  (7)

where, o is the isotopologue fractionation factor for
13CH;D relative to '>CH, (Wang et al., 2016). According
to the rule of geometric mean (Bigeleisen, 1955), 1324 is
approximately equal to the product of 'Jo and
2o (132a~"B0%0). We define the deviation from the rule of
geometric mean as the kinetic clumped isotopologue factor

(v):

13,2(1:?. 1317 20( (8)

13,2

For bond breaking processes, the reduction of the zero-
point energy (AZPE) at transition state produces y values
less than unity (Whitehill et al., 2017) as discussed in
Section 4.2.

3. RESULTS

Results of the experiments are reported in Table 1.
Throughout the course of each experiment, AOM partially
consumed methane, as indicated by increasing sulfide con-
centrations. The AOM consortia consumed 100-160 pmol
of methane per liter per day, translating into about 0.9%
to 1.6% of the supplied methane. The rates of AOM
remained largely constant, due to the inherently slow
growth of AOM communities with doubling times of about
90 days. After specific time intervals, single bottles were
analyzed for headspace methane concentrations (see
methods).

All four series of experiments showed kinetic isotope
fractionations with progressive enrichment of the residual
methane in isotopologues containing heavy (!*C and D) iso-
topes (Fig. 1). Fig. 1 illustrates the derived fractionations
for the carbon isotope of 11.1%0 to 18.3%0 and hydrogen
isotope fractionation of 117%c to 180%o (Fig. 1; Table 2).
Experiments carried out at the same time and using the
same starting culture (i.e., B- versus C-series, and N- versus
D-series) yielded consistent fractionation factors, but the
two sets of experiments yielded somewhat different fraction-
ation factors. One reason for the different fractionation fac-
tors might be the slightly lower pH value in the later
experiments (6.8 versus 7.2). This modification was intro-
duced in between the two experiments to avoid carbonate
precipitation in the cultures. Last two data points for D-
series are not on the linear regression trend. Its implication
to reversibility is discussed in Section 4.1 and Appendix A.
During the course of the experiments, the A*CH;D
values of methane increased from 2.0 4 0.5%c0 to up to
8.5%0, which 1is higher than the value expected for
isotopologue equilibrium at experimental temperature
(A"CH;Dq = 5.4%0 at 37 °C) (Table 1; Fig. 1).

4. DISCUSSION

4.1. Kinetic isotopologue fractionations were observed during
AOM

The observed ranges of kinetic fractionations for
13¢/12C and D/H ratios (from 11.1%o to 18.3%. and from
117%0 to 180%o, respectively) are largely consistent with
the previous study, where AOM cultures were adapted to
and experimented at lower temperatures (12 and 20 °C)
(Fig. 2; Holler et al., 2009).

In order to evaluate if the observed isotopologue effect is
entirely kinetic, the potential reversibility of AOM was
investigated with cultures using media with different 8D
compositions (D- and N-series, Table 1). The experiment
with a strongly D-depleted incubation medium (D-series,
ODy20 = -200%0) and an accompanying experiment with
medium without the D-depleted water (N-series, dDy0 =
—55%o) yielded inconclusive results regarding the effect of
dD values of medium water and the potential reversibility
for AOM. Although results of York regression (Fig. le)
yielded statistically different D/H fractionations (116.5
+3.5 vs. 141.1 £6.0 for D- and N-series, respectively).
The shallower slope for D-series is largely due to the last
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Fig. 1. Evolution of isotopologue compositions during methane consumption by AOM. Diagram (a), (b) and (c) show the results from C- and
B-series (open circle and filled square, respectively), and diagrams (d), (e), and (f) show the results from D- and N-series (filled square and
filled diamond, respectively). The slopes for least square fits are representing € values and shown in the diagram.

Table 2

Kinetic fractionation factors calculated from experimental results.

Series B¢ (%o) 2g (%o) Y 1-y (%o)
C 18.3+0.7 180.0 £ 5.4 0.9872 + 0.0010 128 £1.0
B 17.0+£0.5 164.9 +4.9 0.9916 + 0.0004 84+04
D 11.1+04 116.5+3.5 0.9947 + 0.0003 53+0.3
N 11.3+£0.5 141.1 £ 6.0 0.9952 + 0.0009 484+09

Errors are estimated for uncertainty of H,S measurements of 5% and 95% confidence interval for isotopologue measurements. Errors for y
values are estimated by propagating errors for 2o, 2o and the linear regression slope in In(f) versus A'*CH;D (Fig. 1) without considering

covariance.

two data points, where methane consumption by AOM is
above 50%. Because the normal 8Dy, experiments (N-
series) were not run above 47.5% methane consumption
(Fig. le, Table 1), the comparison of D- and N-series
remain inconclusive. During AOM, the 3D values consis-
tently increased from the initial value of —190%0 up to —
80%o (Table 1). This is opposite from what is expected for
isotope equilibration between methane and water. It would
drive methane 8D values lower towards equilibrium values,
which are —360 and —244%o for D- and N-series experi-
ments, respectively. Accurate evaluation of the degree of
reversibility requires the estimate of primary and secondary
D/H fractionation factors. We present a preliminary model
in Appendix A, which suggests that reversibility could be as
high as 60% during the activation of methane with methyl-

coenzyme M reductase (MCR) for experiments N- and D-
series, whereas the same model predict reversibility as much
as 69% for B- and C-series) (Fig. A2). Radiotracer (}*C)
experiments with AOM cultures have demonstrated a sub-
stantial amount (up to 5% of net AOM rate) of carbon back
flux from the DIC to methane (Holler et al., 2011b).
Marlow et al. (2017) reported the rates of AOM estimated
from the production of 4C0, from "“CH, and HDO from
2CH;D. They observed the rate based on HDO production
is a factor of two faster than that based on '*CO,, suggest-
ing the back flux from MCR is 50% compared to the com-
plete oxidation of CH4 to CO, (Marlow et al., 2017). If
deuterium isotope effect is considered, the back flux would
be higher than 50%, consistent with our estimate of 60%
reversibility. Our focus is to present the data for *CH;D
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Fig. 2. Carbon and hydrogen isotope fractionations for aerobic
and anaerobic microbial methane oxidation during laboratory
culture experiments. Anaerobic oxidation of methane from this
study and in psychrophilic AOM cultures from Holler et al. (2009)
are shown in filled symbols (blue circles and red diamonds,
respectively). They are compared with data for aerobic oxidation of
methane shown in open symbols (data from Coleman et al., 1981,
Kinnaman et al., 2007; Powelson et al., 2007, Wang et al., 2016).

such that the detailed investigation of the reversibility is the
scope for future studies.

The values of A'*CH;D of initial methane were 1.6%o for
C- and B-series, and 2.5%o for D- and N-series. These values
correspond to apparent clumped temperatures of 299 and
195 °C, respectively, suggesting a thermogenic origin. Dur-
ing the course of the experiments, the A'>*CH;D values of
methane increased, and corresponding clumped tempera-
ture decreased towards experimental temperature of 37 °
C, reaching an apparent isotopologue equilibration. For
two experiments that consumed > 70% of the supplied
methane, however, A'*CH;D values increased beyond that
expected for equilibrium at 37 °C (A13CH3Deq' = 5.4%o).

The highest A>*CH;D value of 8.5%0 (Table 2) translates
to a clumped temperature of —46 °C. This is far below the
incubation temperature of 37 °C and clearly indicates pre-
dominantly kinetic fractionation of the clumped isotopo-
logue, 13CH3D.

The increase of A'*CH;D values of residual methane
during oxidation is characteristic of AOM in our experi-
ment. Fig. 3 compares the evolution of A*CH;D values
observed during experiments for different methane oxida-
tion processes. The value of A3 CH;D for residual methane
progressively decreased during methane oxidation by aero-
bic methanotrophic bacteria (Methylococcus capsulatus;
Wang et al., 2016) as well as gas phase methane oxidations
by OH and CI radicals (Whitehill et al., 2017). Thus,
although all three methane oxidation processes tested so
far (AOM, aerobic methane oxidation, and gas phase oxi-
dations) enriched the residual methane in '*C and D-
containing isotopologues, AOM yielded a distinguishable
trend in terms of clumped isotopologue signals (Fig. 3).
This could be attributed to the reaction mechanism intrinsic
to methane activation by MCR, as discussed in the next
section.

4.2. Transition state structure is linked to kinetic clumped
isotopologue effects of AOM

Our experimental studies showed that methane oxida-
tion by AOM increased the A'*CH;D values of residual
methane, in contrast to aerobic methanotrophy and gas
phase oxidations, which decreased the ACH;D values
(Fig. 3). Following our definition of A*CH;D (Equation-
3), the slopes in —In(f) vs. A*CH;D plots (Fig. lc and 1f)
are determined by all three isotopologue fractionation fac-
tors (>%o, 3o and o;; Equation-7). The calculated intrinsic
clumped isotopologue fractionation factor (y, Equation-8)
for AOM ranges from 0.9872 to 0.9952 (Table 2). These y
values are much less than unity compared to those mea-
sured for aerobic methanotrophy (1.0004 4+ 0.0006, Wang
et al., 2016) and oxidation by OH and Cl radicals (0.9997
4+0.0012 and 0.9965 + 0.0007, respectively) (Whitehill
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Fig. 3. Evolution of (a) 8'*C, (b) 3D and (c) A'*CH;D values of residual methane during different methane oxidation processes. Methane
oxidation by AOM (this study, filled blue circles), aerobic methane oxidation by M. capsulatus (Wang et al., 2016, filled red diamonds), and
gas phase oxidation by OH and Cl radicals (Whitehill et al., 2017, open circles and squares, respectively) are shown. The values for §'*C, 8D
and A3CH;D are referenced against initial methane.
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et al., 2017). The different intrinsic y values could be related
to the transition state structure of the reaction and, thus,
characteristic to the enzyme that catalyzes the reaction of
aerobic vs. anaerobic methanotrophy.

Clumped isotope effects, a fractionation that produces
v <1, can be thought of as double isotope effects. That is,
a 13C isotope effect on a D isotope effect, or a D isotope
effect on a *C isotope effect. For methane molecules, the
zero-point energy shift (AZPE) for '*C/'>C substitution in
non-deuterated methane (i.e., ‘CH, vs 12CH4) is
29.8cm~'. In comparison, AZPE for 13¢/12C substitution
in mono-deuterated methane (i.e., '>*CH;D vs 12CH3D) is
31.8 cm ™! (Fig. 4). The physical origin of preferential stabil-
ity of '*CH;D is the difference in these two AZPE values
(AAZPE) of 2.0 cm™" (Fig. 4) (Whitehill et al., 2017). In
the process of C-D bond breakage (e.g., during methane
oxidation), AAZPE values change with the '*C-D stretch-
ing vibrational mode, resulting in the reduction of AAZPE
at the transition state, which leads to vy <1, and '*CH;D
reacts slower than the rate expected from the product rule
(Whitehill et al., 2017). As D leaves from CH4 and the C—
D bond is stretched, AAZPE decreases due to the longer
bond length and lowered interaction between '*C and D
at the transition state, resulting in a smaller AAZPE com-
pared to that of the reactant CHy4 (Fig. 4). Accordingly, lit-
tle to negligible intrinsic clumped isotope effect is expected
(y ~1) for a reactant-like early transition state, where the
initial AAZPE is largely retained (Fig. 4c). In contrast, a
large kinetic clumped isotope effect (y < 1) is expected for
product-like late transition state (Fig. 4b). Fig. 4 compares
the transition state structures of the enzymes involved in
AOM and aerobic methanotrophy, methyl coenzyme M
reductase (MCR) and soluble methane monooxygenase
(sMMO), respectively. Notably, the transition state for

MCR has a relatively long C-H bond length of 2.6 A and
planar methyl-radical-like structure (Wongnate et al.,

2016), whereas sMMO has a shorter (~1.3 A) C-H bond
length (Huang et al., 2013). The bond length difference
between the two transition states is consistent with the
observed clumped kinetic isotope effect.

The double isotope effect has been previously studied for
enzyme kinetics using in vitro experiments and doubly-
labeled isotopologue substrates (Hermes et al., 1984;
Scharschmidt et al., 1984; Rucker and Klinman, 1999).
Scharschmidt et al. (1984) studied the carbon isotope effect
during the oxidation of benzyl alcohol using a doubly-
deuterated substrate (benzyl alcohol-1,/-d;). Similarly,
Hermes et al. (1984) studied the double isotope effect of for-
mate dehydrogenase using '*C-D doubly-labeled formate.
They compared the carbon isotope effects for deuterated
and non-deuterated reactants.

Fig. 5 compares the results of the above-mentioned
enzyme assay studies on double isotope effect with those
of our clumped methane measurements. Here, the carbon
isotope fractionation factors for non-deuterated reactants
(k1o/k13)u are compared to that of the deuterated counter-
part (ki»/k3)p. Note that the kinetic isotope fractionation
factor is defined as 'C/'*C (not '*C/'>C as is commonly
used in the geochemical community) to follow the
convention in the enzyme community. The maximum
clumped isotopologue fractionation is expected when
AAZPE=0cm™! at the transition state. Because the
clumped isotope effect of '*C-D bond is 4-6%. (Fig. 6),
the maximum clumped isotopologue fractionation is
4-6%0 (i.e., (kia/ki3)p ~(1.004-1.006),(k1»/ki3)y). This
analysis does not consider tunneling effect that would pro-
duce additional non-canonical effects and further departure
of vy value from unity (e.g., Young et al., 2017). It can be
seen that formate dehydrogenase reactions do not produce
a clumped isotopologue effect (y ~ 1, i.e., (kio/ki3)p ~
(k1o/k13)u), suggesting a reactant-like transition state. In
contrast, the clumped effect (y <1) is fully expressed for
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Fig. 4. Illustration of AAZPE effect as the origin of the clumped isotopologue effect. (a) shows that AAZPE of 2 cm ™! is the difference in AZPE
values between '*CH,/'>’CH, and '*CH;D/'>’CH;D. The diagrams (b) and (c) show the geometry of transition states around methane
activation sites for methyl-S-CoM reductase for AOM (from Wongnate et al., 2016) and sMMO for aerobic methane oxidation (from Huang
et al., 2013). Due to the elongated C-H bonds for methyl-S-CoM transition state, the AAZPE effect is expected to be much smaller than

2cm~! at the transition state.
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Fig. 5. Double isotope effect for C-H bond breaking reactions.
Here, carbon kinetic isotope effect (ki»/k13) is compared for non-
deuterated versus deuterated compounds. Filled circles, AOM (this
study); filled squares, aerobic methane oxidation (Wang et al.,
2018); filled triangle and diamond, oxidation by OH and Cl radicals
(Whitehill et al., 2017); open square, alcohol dehydrogenase
(Scharschmidt et al., 1984); and open circle, formate dehydroge-
nase (Hermes et al., 1984). The solid line shows 1:1 relationship,
which is expected when there is no intrinsic clumped effect. Dashed
line shows 1:1.006 relationship, which is expected for clumped
isotope effect of 6%o.

alcohol dehydrogenase, suggesting a product-like transition
state. As a doubly-deuterated substrate is used for experi-
ments by Scharschmidt et al. (1984), there could also be
a secondary deuterium isotope effect (when D does not par-
ticipate in bond breaking) for the alcohol dehydrogenase
experiments. Similarly, there is a strong clumped isotope
effect for AOM but no clumped effect for acrobic methane
oxidation and gas phase oxidation by OH radicals, and a
relatively small clumped effect for oxidation by CI radicals
(Fig. 5).

4.3. Clumped isotopologues as tracer of methane oxidation
processes

4.3.1. Methane isotopologue compositions as a result of
kinetic fractionations

Major sinks of methane in the environment include
atmospheric oxidation by OH and Cl radicals, and the aer-
obic and anaerobic microbial oxidation of methane. If these
reactions impart characteristic isotope fractionation sig-
nals, the resulting methane isotope ratios can be used to
partition these processes (Haghnegahdar et al., 2017,
Whitehill et al., 2017). For example, %a/"%a ratio for gas
phase oxidation by OH radicals is ~ 58, which is distinc-
tively different from the ratio for aerobic microbial oxida-
tion of methane between 6 and 15 (e.g., Whiticar and
Schaefer, 2007; Wang et al., 2016). Thus, 8'*C and 8D val-
ues of methane can be used to decouple gas phase versus
microbial oxidation processes (e.g., Kai et al., 2011;
Rigby et al., 2012). Experimentally measured 2o/'>o ratios
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Fig. 6. A schematic showing the pathway of hydrogenotrophic
methanogenesis and approximate equilibrium isotope and isotopo-
logue fractionations estimated from truncated molecular simula-
tion (Wang et al., 2015). Predicted isotope compositions, 8'*C and
SD (in %o), are referenced to those of CO, and H,O, respectively,
and A>CD value is against stochastic distributions. Pathway is
taken from Thauer (2011). Abbreviations are: MFR, methanofu-
ran; H4yMPT, tetrahydromethanopterin; CoM, coenzyme M. The
last reaction, reduction of methyl-S-CoM to methane is exergonic
and often unidirectional, and is hypothesized to be the source of
kinetic D- and '3CH;D-isotope signals of microbial methane.

for AOM and aerobic methane oxidation, however, over-
lap, showing that these ratios may not be able to distinguish
aerobic versus anaerobic methanotrophy (Fig. 2). Our
experiments demonstrate that AOM produces distinct
ABCH;D (and likely A'?CH,D,) trajectories that are very
different from aerobic methane oxidation and gas phase
oxidation of methane (Fig. 3).

What is the range of isotopologue compositions of
methane in nature when methane is produced by methano-
gens and consumed by AOM? Below we show that the wide
range of isotopologue compositions of methane are
expected from available experimental data for methanogens
(Stolper et al, 2015; Young et al., 2017; Gruen et al., 2018)
and AOM (this study). The relatively narrow range of
observed 8'3C, 8D, and A'*CH;D values of methane in
marine environment (where AOM occurs) suggests the
importance of equilibrium fractionation, as opposed to
two kinetic fractionations.
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In the simplest case, when the rate of methane produc-
tion equals consumption by AOM (i.e., at a steady state),
the isotopologue composition of methane is determined
by the ratio of isotope fractionations by methanogenesis
(%tmtg) and AOM (aaom)-

130{”1
OB Copg = TAO’; (6"Ccor +1) =1, and 9)
2
O‘m
5DCH4 = 20( 8 (5DH20 + 1) —1. (10)
AOM

Using a typical range of 13o¢mtg values of 0.97-0.92 for
laboratory cultures of hydrogenotrophic methanogens
(e.g., Botz et al., 1996; Okumura et al., 2016) and “Paaom
of 0.97-0.99 (Table 2 and Holler et al., 2009), steady state
33 Ccra ranges from 0 to —70%o relative to 8'*Ccon. The
higher end is comparable to methane equilibrated at near
ambient temperatures (Fig. 6). Similarly, a typical Zocmlg
value of 0.73-0.66 (low pH, experiments by Okumura
et al., 2016), and 2oa0om values from 0.76 to 0.90 (Table 2
and Holler et al., 2009) yield 8Dcp4 of —40 to —270%o rela-
tive to 8Dppo. This range encompasses the observed value
of 8D = -200 to —150%o for methane in marine environment
(e.g., Whiticar, 1999, Okumura et al., 2016).

The value of A'*CH;D of methane under a steady state
is simply:

A"CH;D = In (thg) = In(y,40u) (11)

The In(yaom) values from this study (4.8 to —12.8%o,
Table 2) and experimentally derived In(ymy) values of
-3.8 to +2.3%0 for hydrogenotrophic methanogenesis
(Gruen et al., 2018; Douglas et al., 2020) yield the range
of the A">*CH;D value from +1.0 to +15.1%0. Most envi-
ronmental data show A'CH;D values smaller than ca.
7%o, corresponding to apparent equilibrium temperatures
of ca. —12 °C (e.g., Stolper et al., 2015; Wang et al., 2015;
Douglas et al., 2017). The values of A'*CH;D higher than
7%o0 are uncommon but can be interpreted as a result of
mixing (Douglas et al., 2017). Since mixing is non-linear
for APCH;D, mixing of two pools of methane with differ-
ent 8'°C and 8D values can produce methane with a
ABCH;D value that is outside of the two A'>*CH;D values
of original methane. The observed relatively narrow range
of A'*CH;D values, therefore, argues for the importance
of equilibrium, as opposed to kinetic fractionation for
methane in marine environments.

4.3.2. Methane isotopologue compositions as a result of
equilibrium fractionations

Recent studies linked near-equilibrium clumped isotopo-
logue signals (both A">CH;D and A'>CH,D,) of methane
in shallow marine sediment porewater (Ash et al., 2019)
and deep fracture fluids to AOM (Giunta et al., 2019).
For the Baltic Sea site, Ash et al. (2019) observed kinetic
ABCH;D and ACH,D, values (i.c., lower than expected
for equilibrium) in shallow <20m sediments. Both
ABCH;D and ACH,D, values increased with depth where
AOM is expected. This is consistent with our results that
AOM increased the A'*CH;D value. The environmental
study of Ash et al. (2019), however, is not conclusive about

equilibrium vs. kinetic control for the observed isotope
effects. This is because if we had stopped our experiments
at £>0.5, then we would not be able to demonstrate if
our data resulted from equilibrium or Kkinetic isotope
effects. Similarly, it is uncertain whether A'*CH;D values
exceeding those of equilibration would appear deeper in
the sediment studied by Ash et al. (2019). Such a signal
would indicate kinetic isotopologue fractionations.

The estimated rate of AOM for Baltic Sea site studied by
Ash et al. 2019 (0.84 pmol CH, cm > day !, Dijkstra et al.,
2018) is at the low end for marine subsurface sulfate
methane transition zone (Sivan et al., 2007; Knittel and
Boetius, 2009) and appears under low sulfate concentra-
tions (<1 mM), which strongly influence the isotope effects
of AOM (Yoshinaga et al., 2014). In comparison, the rate
for our AOM culture is much faster (about 150 nmol cm 3
medium day!). A faster rate of AOM at high sulfate con-
centrations and therefore higher thermodynamic drive
likely contributed kinetic signals observed in this study.
While the results of this study demonstrate that AOM does
not always produce near-equilibrium signals, it remains to
be tested if and under what conditions AOM (and
methanogenesis) produces equilibrium signals.

Here, we consider methane isotopologue fractionation
in nature, in particular that found in marine environment,
as a result of equilibrium fractionation by reversible enzy-
matic processes. Hydrogenotrophic methanogenesis is a
seven-step reaction involving the transfer of eight electrons
(Fig. 6). ANME carry most enzymes involved in methano-
genesis, and is thought to carry out the reverse reaction of
methanogenesis (e.g., Hallam et al., 2004). The last step of
methanogenesis, the reduction of methyl-S-CoM, is cat-
alyzed by MCR:

CH;-S-CoM + HS-CoB < CH; + CoM-S-S-CoB  (12)

where CoB and CoM-S-S-CoB are coenzyme B and
heterodisulfide complex, respectively. The reverse reaction
is the first step for AOM. For methanogenesis, the reaction
is exergonic at physiological concentrations so that the
reaction is favored toward the product methane (e.g.,
Scheller et al., 2010, 2013; Thauer, 2011). The first step of
methanogenesis, the reduction of CO, to formyl-MFR, in
contrast, is highly endergonic, and requires a potential as
low as =500 mV Eh, which is much lower than the potential
set by the Hy/H" (400 mV Eh at 1bar pH, at pH =7,
which is a rare condition) (Thauer et al., 2008). One way
of achieving this low redox potential is by coupling the
highly exergonic last step of methanogenesis (equation-12)
to the endergonic CO, activation step in a so-called electron
bifurcation reaction (Thauer et al., 2010; Kaster et al.,
2011).

The exergonic nature of the last step of methanogenesis
can explain kinetic 8D and A'*CH;D isotope fractionations
observed in methanogen culture experiments, which are
often carried out at high pH, (>1 bar pH,) (Valentine
et al., 2004; Okumura et al., 2016; Gruen et al., 2018).
Fig. 6 shows equilibrium '*C/!>C, D/H and '*C-D isotope
compositions estimated from ab initio calculations (for
details see Appendix B). If the addition of the third-H,
reduction of CH,=H4MPT (methylene tetrahy-
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dromethanopterin) to CH3;-H4MPT, is reversible (as sug-
gested by Stolper et al., 2015), methyl-H of methyl-S-
CoM would be isotopically equilibrated with water and
result in 8D =-126%0 (when 8Dyy0 = 0%0). The fourth
(i.e., the last) H addition is exergonic and produces a large
kinetic isotope effect under most physiological conditions.
The resulting 6D value of methane can be derived as:

5DCH4 = 3/4 '215 ((SDCH_"& + 1) + 1/4 'Zflp (5DH20 + 1) —1=—-374%0
(13)

where Zog and zocp are secondary and primary kinetic iso-
tope fractionation factors, respectively (Wang et al., 2015;
Gruen et al., 2018). We use %o, of 0.3 and o of 0.84 from
Scheller et al. (2013). This simple analysis shows that
kinetic 8D value of —374%o is due to three moderately D-
depleted H atoms from methyl-CoM of —266%0 with one
highly D-depleted (—-700%0) H added during the last step
of methanogenesis. The value of —374%o is within the range
(=300 to —400%c) commonly observed for laboratory cul-
tures of methanogens (Valentine et al., 2004; Okumura
et al., 2016). For clumped isotopologues, the last step of
methanogenesis was also proposed to be responsible for
low and kinetic A">*CH;D (and 8D) values (Stolper et al.,
2015; Gruen et al., 2018). One study showed that kinetic
ABCH;D values are not specific to the metabolic pathways
of methanogenesis (e.g., acetoclastic vs. hydrogenotrophic),
suggesting that they are produced during enzymatic reac-
tions common in all methanogenic pathways, such as the
reduction of methyl-CoM (Gruen et al., 2018). Another
study, however, measured different isotopologue signals in
13CH;D and '2CH,D, for different pathways of methano-
genesis (Young et al., 2017). The different observations
could be related to the source of methyl group substrates.
Thus, the question remains open regarding the significance
of pathways in determining the methane isotopologue
compositions.

The reverse of reaction (12) is the first step of AOM, and
limits the rate of AOM because, under usual physiological
conditions, the reaction is favored towards methane pro-
duction (e.g., Thauer, 2011). It has been shown that ANME
contain high concentrations of MCR to increase the rate of
reaction (Shima and Thauer, 2005; Heller et al., 2008).
When the reaction (12) in AOM is rate limiting and rever-
sible, it would lead to D/H isotope as well as 13CH;D iso-
topologue equilibria. Here, the last H in methane is derived
from HS-coenzyme B, whose H isotope ratio is likely to be
equilibrated with water because of a generally weak S-H
bonds. Therefore, there is a good reason to suspect that
AOM will drive the isotopologue signals of the remaining
methane towards equilibrium of 8D =~ -197%. and
ABCH;D =~ 5.9%0 (at ambient temperatures) when the first
step of AOM is highly reversible (Fig. 6). The kinetic D-
and "*CH;D signals observed in this study suggest that
the first step of AOM was not fully reversible under our
experimental conditions. It is possible that reversibility of
AOM is linked to sulfate concentrations so that experi-
ments with low sulfate concentrations may produce equilib-
rium A'>CH;D values. This, however, remains to be
experimentally verified.

Using ¢ spiked methane, Holler et al. (2011b) mea-
sured the reversibility of AOM cultures between 5 and
13%. The reversibility measured by '*C represents the
reversibility of the entire reactions from CO, and CH4 dur-
ing AOM. In contrast, equilibrium 8D and A'*CH;D val-
ues can be achieved by the reversibility of only the first
step of AOM. Although our results for D- and N-series
experiments are preliminary, 60% reversibility of the first
step of AOM is possible. The reversibility of this first step
of AOM should be tested in future experiments.

5. CONCLUSIONS

Fractionations of methane isotopologues during the
anaerobic oxidation of methane (AOM) were investigated
experimentally with sediment-free cultures of ANME-1
archaea and partner bacteria. The AOM in our experiments
produced kinetic isotope fractionations of 11.1-18.3%. and
117-180%0 for '3C and D, respectively, where residual
methane is enriched in '*C and D relative to 'C and 'H.
The clumped isotopologue, 13CH;D, also followed kinetic
fractionation, where A'*CH;D values increased up to
8.4%o, which is above the value expected for isotopologue
equilibrium. Experiments to test the effect of 8D values of
medium water were inconclusive about the reversibility of
AOM. Previous laboratory culture experiments of metha-
nogenic microbes have exclusively produced lower
ABCH;D signals than those expected for equilibrium at
their growth temperatures. Our results demonstrate that
AOM increases the A>CH3;D value and produces low
apparent temperature signals for remaining methane, and
can explain the range of A'*CH3D values measured for
methane in natural environments.
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APPENDIX A. A MODIFIED RAYLEIGH EQUATION
THAT INCLUDES A REVERSIBLE REACTION

The potential effect of reversibility for the derived frac-
tionation factor (o) and the 8D value of medium water
was evaluated by constructing a modified Rayleigh frac-
tionation model that includes internal reversibility during
the first step of AOM, as the scheme shown in Fig. Al.
The model does not track the reaction beyond CH;-S-
CoM due to uncertain isotope fractionation factors for sub-
sequent reactions. Although incomplete, this model
approach enables reasonable complexity and reduces the
number of unknown variables.

Continuity equations for the reaction scheme in Fig. Al
can be written as:

dx

7; = —k1X1 + k2y1 (Al)
d

% = k1x1 — (kz + k3)yl (AZ)
dx: 1 3

7; = - <Zl oy + fon)klxz + oapkadyy, + caockay, (A3)
d 3 1 2

% = _Z OC]lYk])Cz + |:O(23k2 + (g o3y + 50633.) k3]y2 (A4)

where, x1, X5, 1, and y, are concentrations for CH,, CH3D,
CH3-S-CoM and CH,D-S-CoM, respectively, and k,
(n=1, 2, or 3) are the first order rate constants for non-
deuterated isotopologues, and o, and o, are the primary
and secondary isotope fractionation factors, corresponding

k1
K
> A
‘ CH, ‘ ’CHS-S-COM ’—> ’ CHs-H“MPT‘% -

KZ
1/4%a, k, H “ayk,dy ‘ 1/8%a.k;

3/4%a, k,
‘ CHD | ——= ’CHQD-S-CQM

B
a25k2

2/3%a,k,
%’ CHD—HSMPT‘% -

Fig. Al. The reaction scheme used to derive the modified Rayleigh
equation that includes the reversibility of the first step. See text for
symbols.
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to the rate constant, k,. For natural D abundance, the flux
from CH;D to CHy is ignored for the mass-balance of CH;-
S-CoM. This simplifies the Eq. A(2) and subsequent solu-
tions without affecting the results.

Assuming steady states for intermediate species (i.e., dy;/
dt = dy,ldt = 0), differential Eqs. (A1)-(A4) can be reduced
to:

dx

7; = ax) (AS)

dx:

7; = bx; + cx» (A6)

where,

a=—ki¢ (A7)

b = aydyki(1 = ¢) (A8)

1 o‘l.\'“l\'(l - ¢)
= k| = Z oy, b

c 1[<4mp+4m>+4o¢25(1—¢)+(§o<3,,+§oc3s)¢ X2

(A9)

and ¢ is the forward commitment defined as (e.g. Singh
et al., 2016):

(A10)

The value of ¢ varies from 1 to 0 for unidirectional to
fully reversible reactions, respectively. This parameteriza-
tion avoids the value of ¢ becoming infinity (as opposed
to defining ¢ = k»/k3). The analytical solutions for the dif-
ferential Eqs. (AS5) and (A6) are:

x1(f) = x\e” (A1)

e+ (x’z —x - i c) e (A12)

() =X
2 (1) =2 ——
where, x," and x,’ are initial concentrations. Egs. (A11) and
(A12) are used to derive an analytical solution for the 6D
value of methane as a function of fraction remaining, f

(=exp(at)):

0] 0]
D+ 1=—4(1-—|7"" Al3
et (1-2) (A13)
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Fig. A2. Model fit to the data for four experiments. The best fit was obtained for primary D/H fractionation factor (c;,) of 0.707 and forward
commitment (¢) of 0.311 for B- and C-series experiments, and 0.823 and 0.401, respectively for D- and N-series experiments.
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where w = b/(a-c¢) and 0 = ¢/a (in Eqs. (A7)-(A9)), and R; is
the isotopologue ratio (CH3D/CH,) at 1 = 0. Note that the
ratio is four times that of bulk D/H ratio of methane
because of the symmetric factors. Eq. (A13) compares the
analytical solution for the reaction scheme in Fig. Al with
that of the conventional Rayleigh equation.

We applied the Eq. (A13) to fit 3D data for D- and N-
series experiments to examine the potential impact of 3D
values of medium water. We assumed the secondary isotope
effects (o5, 05, and azs) of 0.85 (following Scheller et al.,
2013), and fit the data with two fitting parameters, o, (as-
sumed equal to o3,), and ¢. The value of a,, was con-
strained by o, and the equilibrium fractionation between
CH,4 and CH;3-S-CoM in Fig. 6. The MATLAB script of
the model is available in Electronic Annex. The best fit to
the data was obtained for o, = a3, = 0.823 and ¢ = 0.40
(Fig. Al), suggesting a potentially substantial reversibility
for the reaction (i.e., back flux is 60% of the forward flux).
This model, however, is highly preliminary because of the
lack of data for control experiments (N-series) at later time
points of the experiments (f'<0.5, Fig. le). We recognize
that this is important area of future research, and we pre-
sent this model in order to aid the design of future experi-
ments. We suggest that the best approach would use
water with more distinct D values by spiking with D,O
and taking data for later time steps, where the effect of
reversibility is better expressed than in earlier time steps.

APPENDIX B. ESTIMATION OF EQUILIBRIUM
FRACTIONATIONS

Equilibrium fractionations shown in Fig. 6 were esti-
mated by calculating reduced partition function ratios fol-
lowing the conventional formula (e.g., Bigeleisen and
Mayer, 1947; Urey, 1947). Normal mode frequencies were
estimated by molecular simulation by B3LYP with the
6-311 + G** basis set using GAMESS software (Gordon
and Schmidt, 2005). Reduced partition function ratios for
intermediate compounds were approximated by simple
molecules, in which the same number of H, N, O, and S-
atoms are bound to the C atom that contains the C-H
bonds in question. We used following compounds as ana-
logues: formamide (for CHO-MFR in Fig. 6), pyrimidine
(for CH=H4MPT), methylenediamine (for CH,=
H4MPT), methylamine (for CH3;-H4MPT), and metha-
nethiol (for CH3-S-CoM). Discussion for the accuracy for
using these “cutoff” model can be found in Heskey and
Schowen (1983) and Rucker and Klinman (1999). The
results of the calculation should be taken as a first order
approximation because of a number of assumptions made.
In addition to the use of cutoff molecules, our calculation
assumed gas phase molecules and harmonic oscillators.
For D/H isotope fractionation, in particular, anharmonic
effect and solvation are expected to be important (Richet
et al., 1977; Wang et al., 2009). These effects, however, tend
to cancel out when comparing fractionation factors esti-
mated by the same computational method such that relative
fractionation factors among modeled compounds can be
accurate (Wang et al., 2009). We used the experimental
fractionation factor for H,O(gas)/H,O(liquid) of Horita

and Wesolowski (1994) and calculated the fractionation
factor for C-H compounds against H,O(gas) to derive the
equilibrium fractionation factor against liquid H,O. For
clumped isotope effect, anharmonic effects can produce
about 0.3%o bias for A'>*CH;3D at a temperature below ca.
100 °C but estimates form different levels of theory agree
well (Webb and Miller, 2014; Liu and Liu, 2016).

APPENDIX C. SUPPLEMENTARY MATERIAL

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gca.2020.10.015.
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