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Aerobic oxidation of methane (MOx) is an important biologically mediated process that consumes 
methane in a wide range of environments. Here we report results of culture experiments with the 
aerobic methane-oxidizing bacterium Methylosinus trichosporium (OB3b) that are used to characterize the 
mass-18 isotopologue (�13CH3D and �12CH2D2) signatures of MOx in residual methane gases. MOx 
activity was confirmed by simultaneous decrease of methane and oxygen in the bulk gas headspace. 
Bulk carbon (13C/12C) and hydrogen (D/H) isotope ratios of the methane gas increased while both 
�13CH3D and �12CH2D2 decreased as the oxidation proceeded. The corresponding fractionation factors 
(α) calculated from our experimental results are 0.98485 ± 0.00006 for 13C/12C, 0.7265 ± 0.0010 for 
D/H, 0.7141 ± 0.0011 for 13CH3D/12CH4, and 0.4757 ± 0.0023 for 12CH2D2/12CH4. Deviations of the 
mass-18 fractionation factors from the Rule of the Geometric Mean (RGM) expressed as γ values are 
0.9981 ± 0.0017 for 13CH3D/12CH4 and 0.9013 ± 0.0045 for 12CH2D2/12CH4. Our α and γ values suggest 
that while MOx fractionates 13CH3D within error of the RGM, the �13CH3D and �12CH2D2 trajectories 
are very sensitive to even small deviations in 13CH3D/12CH4 from the RGM. Fractionation of 12CH2D2
deviates considerably from RGM, and this causes dramatic and robust effects on the trajectories of 
residual methane in �13CH3D vs. �12CH2D2 space. Our models suggest that �13CH3D and �12CH2D2
could potentially mimic microbial methanogenesis signatures in an environment that exhibits a strong 
Rayleigh Distillation process with little to no replenishment of methane during oxidation. However, in 
closed or open systems where oxidation is attended by simultaneous methane production, we find that 
modest increases in �13CH3D and dramatic increases in �12CH2D2 are to be expected, thus resulting 
in isotopologue signatures distinct from microbial methanogenesis. The overall trend in these conditions 
suggest that methane altered by MOx is distinguishable from other methane sources in �13CH3D and 
�12CH2D2 space.

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

Understanding the sources and sinks of methane gas has rel-
evance for many research areas. Methane is an important energy 
source (Demirbas, 2006), a promising extraterrestrial biosignature 
(Bouquet et al., 2015; Yung et al., 2018), and a potent green-
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house gas with increasing atmospheric concentrations (Saunois et 
al., 2016).

Methane sources are either microbial, thermogenic, or abiotic. 
Microbial methane is produced anaerobically from organic matter 
by archaea (Whiticar, 1999), aerobically from methylphosphonate 
by cyanobacteria (Karl et al., 2008), and by groups of fungi (Lenhart 
et al., 2012). Thermogenic methane is derived from thermal crack-
ing of organic matter (Schoell, 1980, and references therein). Abi-
otic methane is formed through water-rock interactions (Etiope 
and Schoell, 2014; Etiope and Sherwood Lollar, 2013).

In the atmosphere, methane is oxidized to CO2 by hydroxyl rad-
icals (90%) (Reeburgh, 2007). Before emission into the atmosphere, 
methane can be consumed by microbial aerobic (MOx) or anaer-
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obic oxidation of methane (AOM). MOx, the focus of this study, 
consumes methane with oxygen according to:

CH4 + 2O2 → CO2 + 2H2O. (1)

MOx is an important methane sink in a wide range of envi-
ronments, including soils (Henckel et al., 2000), freshwater lakes 
(Guggenheim et al., 2020), and oceanic waters overlying cold seeps 
(Boetius and Wenzhöfer, 2013; Steinle et al., 2015; Valentine et 
al., 2001). It is mediated by different groups of aerobic methane-
oxidizing bacteria, which use methane as their carbon source (Han-
son and Hanson, 1996; Murrell, 2010).

Isotope ratios of carbon (13C/12C) and hydrogen (D/H) have 
been used to distinguish methane source pathways (Etiope and 
Sherwood Lollar, 2013; Schoell, 1988; Whiticar, 1999, 2020), as 
well as sink mechanisms (Barker and Fritz, 1981; Coleman et 
al., 1981; Whiticar, 1999, 2020). Microbially-produced methane is 
strongly depleted in the heavy carbon and hydrogen isotopes (Clay-
pool and Kaplan, 1974; Rayleigh, 1896; Whiticar, 2020). By virtue 
of the same principles, methane oxidation preferentially consumes 
the isotopically lighter methane, leaving behind the isotopically 
heavier methane in the residual pool. This heavy isotope signa-
ture of oxidation has been demonstrated in environmental (Barker 
and Fritz, 1981; Coleman et al., 1981) and pure culture studies 
with aerobic methane-oxidizing bacteria (Feisthauer et al., 2011; 
Templeton et al., 2006; Wang et al., 2016). While carbon and hy-
drogen isotopes have proved useful for unraveling the formation 
and subsequent processing of methane gases, substantial overlap 
in the bulk isotope signatures has led to ambiguity surrounding 
methane sources and sinks (Whiticar, 1999, 2020).

Recent technological advancements enabled application of two 
mass-18 doubly-substituted isotopologues of methane, 13CH3D 
(Ono et al., 2014) and 12CH2D2 measured separately (Young et 
al., 2017, 2016) or together (13CH3D + 12CH2D2) (Stolper et al., 
2014), to help resolve some of these ambiguities arising from the 
use of bulk isotope ratios alone. The potential utility of these rare 
isotopologues as tracers of methane formation and destruction is 
evidenced in a recent study of methane in serpentinites of the 
Samail Ophiolite in Oman (Nothaft et al., 2021). In the study, bulk 
isotope ratios (δ13C and δD) suggest that some methane is abi-
otic in origin, while mass-18 isotopologue measurements indicate 
that it is microbial (Nothaft et al., 2021; Young, 2019). However, 
this conclusion is tempered by the need to understand more thor-
oughly the effects of oxidation on rare isotopologue abundances.

Multiply-substituted isotopologues have been used as
intramolecular geothermometers to determine CH4 formation tem-
peratures, because their abundances are dependent on tempera-
ture. This dependence is well known on the basis of theory (Liu 
and Liu, 2016; Webb and Miller III, 2014) and has been validated 
by measurements (Ono et al., 2014; Wang et al., 2020; Young et 
al., 2017). The temperature dependence is expressed in the form 
of the exchange reactions between isotopologues, yielding the two 
doubly-substituted isotopologues by the reactions

13CH4 + 12CH3D ↔ 12CH4 + 13CH3D (2)

and

212CH3D ↔ 12CH2D2 + 12CH4. (3)

The equilibrium constants for these exchange reactions in the limit 
of high temperature are (e.g., Young et al., 2017)

kEq,13CH3D = 4X
(

13C
)
(X (H))3 X (D) X

(
12C

)
(X (H))4

4X
(
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where X(i) are the atomic fractions of the indicated isotopes 
i comprising the methane isotopologues (e.g., X(13C) =
13C/(12C+13C) and X(D) = D/(H+D), etc.) and the factor of 3/8 is a 
reflection of the different symmetry numbers of the isotopologues 
in reaction (3). As temperatures decrease, the lower energies of the 
intramolecular bonds involving the heavier isotopes become more 
important, resulting in higher relative abundances of the clumped 
species and departures from this purely statistical distribution of 
isotopes. The deviations in the relative abundances of the rare, 
mass-18 isotopologues relative to the high-temperature limit are 
expressed using the notation

�13CH3D = 103

(
X

(
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)
X

(
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− 1

)
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and,
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)
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− 1

)
, (7)

where X(13CH3D) represents the molecular fraction of 13CH3D in 
the methane gas, and so forth, and where stochastic abundances 
are obtained by treating the relative concentrations of the isotopic 
species as probabilities, as in Equations (4) and (5), yielding

X
(

13CH3D
)

stochastic
= 4X

(13C
)

X(D)X(H)3 (8)

and

X
(

12CH2D2

)
stochastic

= 6X
(12C

)
X(H)2 X(D)2. (9)

The relationship between �13CH3D, �12CH2D2, and temper-
ature (Liu and Liu, 2016; Ma et al., 2008; Webb and Miller III, 
2014) provides a useful reference curve in �13CH3D vs. �12CH2D2
space that depicts thermodynamic equilibrium (Young et al., 2017). 
Sample measurements plotted on the equilibrium curve are evi-
dently in thermodynamic equilibrium. However, most methane gas 
samples lie off the curve, with isotopologue abundances reflect-
ing kinetic effects (Ash et al., 2019; Giunta et al., 2021, 2019; 
Labidi et al., 2020; Young et al., 2017; Young, 2019). The �13CH3D 
and �12CH2D2 values for methane produced by the microbial 
methanogenesis incubations should be largely independent of sub-
strate effects and are distinctive, with �13CH3D ∼ +2.5 to −4.0�
and �12CH2D2 ∼ −20 to −45�, respectively. These negative val-
ues have been attributed to either a “combinatorial” effect in the 
case of �12CH2D2 (Taenzer et al., 2020) or classical and/or quan-
tum kinetic effects that could affect both values (Young et al., 
2017).

Here, we are concerned with the effects of aerobic oxidation of 
methane on �13CH3D and �12CH2D2 values in methane gases and 
how these effects might be observable in natural settings. Recog-
nition of the effects of oxidation may be critical to using �13CH3D 
and �12CH2D2 values as tracers of the provenance of methane 
gases.

Methylosinus trichosporium (OB3b) is a obligate aerobic methan-
otrophic bacterium belonging to the alpha proteobacteria class that 
oxidizes methane to CO2 according to Equation (1) (Hanson and 
Hanson, 1996). It is one of few aerobic methanotrophs with both 
soluble and particulate methane monooxygenase, which are the 
main enzymes that facilitate the oxidation of methane (Hanson 
and Hanson, 1996; Murrell, 2010). M. trichosporium is one of the 
best characterized aerobic methanotrophic bacterium and an ex-
cellent candidate for isotope studies because it has been studied 
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in a wide variety of environments and in pure cultures (Murrell, 
2010). However, methane isotopologue signatures of M. trichospo-
rium consuming methane sources are non-existent.

2. Previous work

Wang et al. (2016), the only other study on the effect of 
MOx on methane isotopologue signatures we are aware of, inves-
tigated pure cultures of Methylococcus capsulatus (Bath), in liquid 
medium, at two temperatures in the presence of methane and 
oxygen. The abundances of head-space methane isotopologues, in-
cluding 12CH4, 13CH4, 12CH3D and 13CH3D were measured over 
time while methane was consumed with oxygen. Methane car-
bon (13C/12C) and hydrogen (D/H) isotope ratios became progres-
sively higher with time, consistent with a classical kinetic isotope 
effect, in which isotopically light methane was preferentially ox-
idized by the aerobic methane-oxidizing bacteria. The �13CH3D 
signatures became progressively lower in both temperature incu-
bations, a trend that is also consistent with classical kinetic ef-
fects. These measurements allowed Wang et al. to calculate frac-
tionation factors (α) for 13CH4, 12CH3D and 13CH3D relative to 
12CH4, where the fractionation factors are defined as, for exam-
ple, α13CH3D =(13CH3D/12CH4)/(13CH3D/12CH4)o where the sub-
script zero signifies the ratio prior to reaction. The study intro-
duced the gamma factor (γ ) to describe deviations from the Rule 
of the Geometric Mean, or RGM (Bigeleisen, 1955). The RGM artic-
ulates the zero-order expectation that the fractionation factor for 
a multiply-substituted isotopologue will be approximately equal to 
the product of the fractionation factors for the constituent singly-
substituted species. For example, one might predict that the frac-
tionation factor for 13CH3D/12CH4 would be the product of the 
fractionation factor for 13CH4/12CH4 and that for 12CH3D/12CH4, 
i.e., α13CH3D = α13CH4 α12CH3D. By defining the γ parameters as 
the ratio of observed α to the α predicted by the RGM (Equa-
tions (10) and (11)), the deviations from this simple expectation 
are quantified; if γ is equal to 1 then the mass-18 isotopologue 
fractionation is ideal in that it follows the expectations from the 
RGM:

13Dγ =
13Dα

13α · Dα
(10)

D2γ =
D2α

Dα · Dα
(11)

Deviations from the RGM imply complexities involving the isotopes 
of interest due to the “clumping” of the heavy isotopes on bonds. 
Wang et al. applied their γ ’s and α’s to a simple open system 
model attributed to Hayes (2001), which depicts a flow system 
where methane flows through the system as it is removed by oxi-
dation. Steady state in this case is achieved because of a constant 
flux into the system, a constant reaction rate, and a constant flux 
out of the system.

Using this simple calculation, the authors demonstrated that 
the degree, and even the sign, of fractionation of �13CH3D is criti-
cally sensitive to γ , with deviations from unity by a factor ±0.002 
resulting in differences in �13CH3D of several per mil with pro-
gressive oxidation. Although Wang et al. (2016) was the first study 
to obtain �13CH3D signatures from MOx, the α and γ factor for 
the �12CH2D2 were not obtained.

Haghnegahdar et al. (2017) used ab initio calculations to cal-
culate fractionation factors for �13CH3D and �12CH2D2 associated 
with abiotic oxidation of methane by hydroxyl and chlorine rad-
icals in the atmosphere. They found that at steady state, atmo-
spheric CH4 should have exceptionally high �12CH2D2 values of 
3

Fig. 1. Three-liter glass flange flask containing Methylosinus trichosporium colonies 
on NMS agar plates. Agar plates are placed into shelves of a custom-built stainless-
steel rack. Close up picture shows example of M. trichosporium colonies on an agar 
plate.

order +100 � relative to the sources because of relatively low 
γ values for this species. They concluded that �12CH2D2 values 
may prove to be sensitive tracers of methane sources and sinks in 
the atmosphere (Haghnegahdar et al., 2017). Such strikingly posi-
tive �12CH2D2 values that contrast with expectations from simple 
kinetics, and result from deviations in γ values from unity, under-
score the need to characterize the effects of oxidation on �13CH3D 
and �12CH2D2. Ab initio calculations for microbially-mediated ox-
idation are challenging. However, laboratory experiments provide a 
more direct means of assessing these effects.

In the present study we use pure cultures of Methylosinus 
trichosporium (OB3b) to characterize the isotopologue effects of 
methane consumption during MOx. Our goals are four-fold: 1) ob-
serve the �13CH3D and �12CH2D2 signatures from MOx in closed 
system pure culture experiments; 2) calculate α’s and the γ ’s that 
affect �13CH3D and �12CH2D2 values due to MOx operating in 
closed systems; 3) apply the derived α’s and γ ’s to determine 
the trajectories of oxidation in �13CH3D vs. �12CH2D2 space for 
Rayleigh distillation in closed systems, production and oxidation 
in closed systems leading to a steady state, and oxidation where 
methane flows through systems and 4) characterize the effects of 
oxidation in terms of the resulting trajectories in mass-18 methane 
isotopologue space.

3. Materials and methods

3.1. Pure culture cultivation

Cells from a dense contamination-free culture of Methylosi-
nus trichosporium (OB3b) in liquid Nitrate Mineral Salts medium 
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Table 1
Experimental details and methane isotopologues result from incubations of methane with Methylosinus trichosporium (OB3b).

Incubation Time Volume of gas analyzed F O2/N2 Area δ13C δD δ13CH3D �13CH3D δ12CH2D2 �12CH2D2
(d) (mL) ((CH4/N2)/ (CH4/N2)initial) (1 se) (�) (1 se) (�) (1 se) (�) (1 se) (�) (1 se) (�) (1 se) (�)
0 10 1.000 0.2377 −39.93 −147.79 −95.28 2.27 −173.88 6.11

(0.006) (0.038) (0.19) (0.22) (0.83) (1.00)
12 10 0.5168 0.0152 −30.11 21.37 94.11 1.10 172.17 −6.14

(0.004) (0.028) (0.16) (0.15) (0.89) (0.77)
15 10 0.5196 0.0014 −30.07 21.31 94.09 1.10 174.23 −4.28

(0.006) (0.029) (0.16) (0.15) (1.15) (0.98)
30 15 0.5156 0.0145 −30.37 21.04 93.84 1.46 171.81 −5.79

(0.014) (0.020) (0.43) (0.40) (0.65) (0.56)

0 10 1.000 0.2725 −37.41 −145.01 −89.22 3.08 −168.24 6.42
(0.004) (0.021) (0.12) (0.13) (0.58) (0.70)

1 10 0.9688 0.2147 −36.47 −123.23 −65.81 2.33 −124.69 7.14
(0.006) (0.021) (0.12) (0.13) (0.67) (0.76)

3 10 0.7356 0.1165 −34.59 −76.74 −14.71 1.97 −32.53 3.90
(0.005) (0.025) (0.19) (0.20) (0.86) (0.89)

4 10 0.6733 0.078 −33.29 −51.79 12.97 1.67 19.06 2.53
(0.005) (0.022) (0.18) (0.18) (0.61) (0.60)

7 15 0.6114 0.017 −31.22 −3.17 66.16 0.70 117.41 −5.35
(0.004) (0.021) (0.13) (0.12) (0.75) (0.67)

9 15 0.5701 0.0144 −31.15 −2.14 68.10 1.40 118.25 −6.65
(0.004) (0.023) (0.13) (0.12) (0.74) (0.67)
(NMS) were transferred to an NMS agar in sterile petri dishes 
(Fig. 1). Prior to inoculation, NMS agar was prepared with basal 
salts containing 0.93 g/L MgSO4•6 H2O, 10 g/L KNO3, 1.22 g/L 
CaCl2, 0.15 ml/L of 1 M PO4 solution, 5 ml/L of 2 M HEPES buffer 
and 15 g/L agarose modified from Whittenbury et al. (1970). One 
ml/L trace element solution and 1 ml/L vitamin solution accord-
ing to Widdel and Pfennig (1981) was added to the NMS agar 
medium. The medium was autoclaved, and pH was adjusted to 7. 
While medium was dispensed to the petri dishes, 5 mL of Cyclo-
heximide (1%) was added to the NMS agar to avoid contamination 
by fungal eukaryotes. In a sterile (UVC light sterilization) clean 
bench (VWR PCR workstation Pro HEPA), equipped with a HEPA 
filter for providing germfree airflow, a total of 6 NMS agar plates 
were inoculated with the culture of M. trichosporium (OB3b) by 
dipping a sterile metal culture loop into the liquid culture and then 
spreading the loop over the surface of the NMS agar plate. The in-
oculated plates were then placed without lids into the shelves of 
a custom made sterile stainless-steel rack (Fig. 1). While still in 
the clean bench, the stainless-steel rack with inoculated NMS agar 
plates was carefully placed into a sterile 3-liter glass flange flask 
(Glasgerätebau Ochs, Germany), and closed air-tight (via an O-ring 
connection and quick release clamp) at atmospheric pressure with 
a glass flange lid equipped with four butyl stopper-sealed open-
ings (one GL 45, one GL 25, and two N20) (Fig. 1). Outside the 
clean bench, 1.2 liters of Ultra-high pure methane (Airgas) was in-
jected into the sealed flange flask through the butyl rubber stopper 
in one of the N20 openings using a sterile 60 mL plastic syringe 
equipped with a 0.2 μm syringe sterile filter and a needle, rais-
ing the internal pressure by ∼1.4 times atmospheric pressure. The 
headspace was then mixed by repetitive plunging of the 60 mL 
plastic syringe >10 times to ensure that the air and methane were 
properly mixed. The sealed flange flask with inoculated agar plates 
was stored in the dark at room temperature for incubation.

3.2. Incubation parameters

We conducted two time series incubations at room tempera-
ture with the same M. trichosporium (OB3b) inoculum inside the 
flange flask as described in section 3.1. The first time series lasted 
a total of 30 days, during which the headspace was sampled at 0, 
12, 15, and 30 days (Table 1). The second time-series lasted a to-
tal of 9 days, where methane headspace was sampled at 0, 1, 3, 4, 
7 and 9 days (Table 1). The second incubation provided a higher 
temporal resolution during the first nine days after methane addi-
tion. Between incubations, the headspace in the glass flange flask 
was completely exchanged by opening the flange flask inside the 
clean bench and flushing with HEPA-filtered air for 30 min. Af-
4

ter flushing, the flange flask was sealed and supplied with new 
methane gas (see section 3.1). Over the course of both incubations, 
the M. trichosporium (OB3b) inoculum developed rich, macroscopic 
colonies on the NMS agar (Fig. 1).

3.3. Methane isotopologue measurements

3.3.1. Headspace subsampling and methane purification
Abundances of the singly and doubly-substituted methane iso-

topologues 12CH4, 13CH4, 12CH3D, 13CH3D and 12CH2D2 in this 
study were measured on the Panorama mass spectrometer (Nu 
Instruments) located at the University of California, Los Angeles. 
Prior to mass spectrometric measurements, the headspace of the 
glass flange flask containing the M. trichosporium colonies was sub-
sampled at each time point (see 3.1) by inserting the needle of 
a 5 mL gas-tight glass syringe through a butyl rubber stopper in 
one of the N20 openings. Total subsample volumes for each time 
point can be found in Table 1. Subsample volumes were aliquoted 
into 5 mL portions, until the 60-100 μmol CH4 threshold required 
for methane analyses on the Panorama mass spectrometer was 
met. The methane fraction within the subsampled gas was purified 
from the remaining air fraction according to methods described by 
Young et al. (2017). Briefly, the gas aliquots were injected into a 
vacuum line interfaced to a gas chromatograph. Water vapor and 
carbon dioxide were separated from the gas sample in a liquid 
nitrogen trap for 10 mins. The remaining gas sample was then cap-
tured by freezing methane onto silica gel within a second trap with 
liquid nitrogen for 30 mins. The frozen silica gel trap was then 
flushed with helium gas and then warmed to ∼40oC to transfer 
the sample to the GC. Methane was purified using two GC columns 
in series. The first is a 5 A molecular sieve packed column used to 
separate oxygen and nitrogen from CH4. The second is a packed 
HayeSep D column used to separate methane from other hydro-
carbons in the gas sample. A passive thermal conductivity detector 
(TCD) was used to identify peaks. The area of peaks for oxygen, 
nitrogen and methane were recorded. Retention time of methane 
gas was approximately 17 minutes with a carrier He flow rate of 
20 ml/minute.

Upon exiting the TCD, the purified methane was captured 
by freezing a trap filled with silica gel with liquid nitrogen for 
30 mins. After collection, helium was pumped away, and the frozen 
silica gel with methane was then heated (∼40oC) and the effusing 
methane was captured in a separate glass vial filled with silica gel 
at liquid nitrogen temperature for 30 mins. The sealed glass vial 
with the purified methane was removed from the vacuum line and 
attached to the dual inlet located on the mass spectrometer where 
it was then concentrated into a “cold finger” filled with silica gel 
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at liquid nitrogen temperature. The gas was then released to the 
variable volume of the dual inlet of the instrument by heating the 
silica gel to 30◦C

3.3.2. Mass spectrometer measurements
The Panorama instrument is described by Young et al. (2016). 

Briefly, the instrument operates at a mass resolving power (m/�m) 
of ∼ 40,000, which enables measurements of 12CH+

4 , 13CH+
4 , 

12CH3D+ , 13CH3D+ , and 12CH2D+
2 ion currents in the same gas 

sample with no significant mass interferences. The abundances of 
both 13CH3D and 12CH2D2 are measured using an electron multi-
plier. Measurements were made with two magnet mass settings. 
The magnet was first adjusted to measure 12CH2D+

2 (18.04385 
amu) in the ion counter. The 12CH2D+

2 /12CH+
4 and 12CH3D+/12CH+

4
ratios were used to determine the �12CH2D2 and δD values, where 
δD = 103(D R/D RVSMOW-1), D R is the D/H ratio, and VSMOW refers 
to the international reference value. Measurements of these ratios 
consisted of 40 blocks of alternating sample/standard measure-
ments of 30 s each. The ratios 13CH+

4 /12CH+
4 and 13CH3D+/12CH+

4
in the same gas sample were obtained with the magnet set at 
18.04090 amu for the axial collector. Twenty blocks were obtained 
for these measurements. These ratios combined with those from 
the previous mass setting were used to calculate �13CH3D and 
δ13C values, where δ13C = 103(13 R/13 RPDB-1), 13 R is the 13C/12C 
ratio, and PDB refers to the international reference value. Typical 
external reproducibility as determined by multiple measurements 
of shale gas for δD, �12CH2D2, δ13C and �13CH3D are 0.2, 0.6, 0.1, 
and 0.2 �, respectively, at the 1σ level, based on replicate sam-
ples (Young et al., 2017). We also report δ13CH3D and δ12CH2D2
values relative to the laboratory reference gas for purposes of ex-
tracting fractionation factors.

3.4. Determination of fractionation factors and gamma’s

A key objective of this study was to determine fractionation 
factors (α) for the 13CH4, 12CH3D, 13CH3D and 12CH2D2 isotopo-
logues relative to 12CH4 during the MOx incubations. For this pur-
pose, we made use of the Rayleigh fractionation equation that 
describes the isotopologue effects of uptake of methane from a 
well-mixed reservoir of gas.

To obtain the α values from our data, isotope ratios relative to 
the reference materials were obtained from delta values obtained 
by mass spectrometry using

R

Rstd
= δ

1000
+ 1, (12)

where R represents the isotope ratio of interest and subscript std
is the standard used as the reference for the deltas. The ratio in 
Eq. (12) taken at time t was then divided by the same ratio at the 
time zero to then obtain a measure of the change in ratio with 
time:

Rt

Rstd

R0

Rstd

= Rt

R0
(13)

This ratio in turn can be used in the Rayleigh equation for frac-
tionation from a well-mixed reservoir, in our case the methane 
comprising the head-space gas, using

δ
1000 + 1
δ0

1000 + 1
=

( 12CH4
12CHo

4

)α−1

, (14)

where α is the fractionation factor for the methane isotopologues, 
and 12CH4/12CHo is the fraction of methane remaining in the head 
4

5

space, often referred to as F (and closely approximated by the ratio 
of the major isotopologues to the initial value).

Applying the natural logarithm of both sides in Eq. (14), we 
have

ln

(
R

R0

)
= (1 − α) (−lnF ) . (15)

The form of Equation (15) is useful as the slope for ln(R/Ro) vs. 
−ln(F ) yields the fractionation factors, α, we seek. The ratios of 
methane to nitrogen GC areas were used to obtain values for F . 
Standard error propagation (with 1σ error) was used (York et al., 
2004) to propagate errors in both ln(R/Ro) from the isotope ratio 
measurements themselves, and in −ln(F ) to uncertainties in the 
derived fractionation factors (from errors in the regression slopes). 
Uncertainties in −ln(F ) were obtained by replicate (n=5) sam-
plings of head-space gas in the absence of microbes, indicating 
methane concentration errors of 0.3% of the measured value.

4. Results

4.1. Methane isotopologue trends with time

Throughout the two-time series in this study, large cell colonies 
were visible on the NMS agar plates (Fig. 1). We observed buildup 
of water condensation on the walls of the glass flange flask and 
gas chromatography showed lower methane and oxygen concen-
trations with longer incubation periods (Table 1). By the 12th day 
of the first long incubations the fraction of methane remaining in 
the chamber (F ) was ∼0.52 and showed no further decrease up to 
day 30. In the second, shorter incubation, the fraction of methane 
(F ) remaining was ∼0.57 by day 9 (Table 1). We note that the 
measurement taken at day 7 was negatively affected by a software 
error in peak areas. A correction for the F value of the 7th day was 
calculated using the F values from the 4th and 9th days of the short 
incubation.

The initial bulk isotopic compositions for the long and short in-
cubations were −39.93� and −37.41� for δ13C and, −147.79�
and −145.01� for δD, respectively. With time, the δ13C and 
δD values for the headspace methane became less negative in 
both time series. In the longer-duration incubation the methane 
δ13C increased from −39.93� to −30.37� and the δD in-
creased from −147.79� to 21.04� after 30 days (Table 1). In 
the shorter-duration incubation the δ13C increased from −37.41�
to −31.15� and δD increased from −145.01� to −2.14� af-
ter 9 days (Table 1). The initial mass-18 compositions on day 0 
for the long and short incubations were 2.27� and 3.08� for 
�13CH3D and 6.11� and 6.42� for �12CH2D2, respectively. There 
was a 0.8� difference in �13CH3D and a 0.3� difference in 
�12CH2D2 between starting compositions in each incubation, evi-
dently from the result of analytical uncertainties and/or small frac-
tionations imparted by the gas loading procedure. The �13CH3D 
and �12CH2D2 values in both incubations became more nega-
tive as the incubations progressed. In the longer incubation, the 
�13CH3D decreased from 2.27� to 1.46� while �12CH2D2 de-
creased from 6.11� to −5.79� after 30 days (Table 1). In the 
shorter incubation, the �13CH3D values decreased from 3.08� to 
1.40� while �12CH2D2 decreased from 6.42� to −6.65� after 9 
days (Table 1).

4.2. Isotopologue fractionation factors departures from the RGM

Fig. 2 shows the slopes defined by 1000ln (R/Ro) and −ln(F ) 
and the corresponding α values for the four methane isotopo-
logues relative to 12CH4. The derived slopes are 15.15 ± 0.06 
for 13C/12C, 273.5 ± 1.0 for D/H, 285.9 ± 1.1 for 13CH3D/12CH4, 
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Fig. 2. Derived fractionation factors (α’s) and mass-18 isotopologue γ ’s (C and D) from linear regressions of MOx experimental data assuming Rayleigh fractionation for 
carbon (A), hydrogen (B), �13CH3D (C) and �12CH2D2.
and 524.3 ± 2.3 for 12CH2D2/12CH4. The corresponding fraction-
ation factors, α’s, are 0.98485 ± 0.00006 for 13C/12C, 0.7265 ±
0.0010 for D/H, 0.7141 ± 0.0011 for 13CH3D/12CH4, and 0.4757 
± 0.0023 for 12CH2D2/12CH4. The γ values from these α values 
are 0.9981 ± 0.0017 and 0.9013 ± 0.0045 for 13CH3D/12CH4, and 
12CH2D2/12CH4, respectively.

5. Discussion

5.1. Fractionation of carbon, hydrogen, 13CH3D and 12CH2D2 during 
MOx

Higher bulk isotope ratios with progressive depletion of
methane gas through uptake by a microbial community is ex-
pected in a closed system as a result of the kinetic advantages of 
the lighter species. Our derived fractionation factors can be used to 
calculate the enrichment factors for carbon and hydrogen, ε, where 
ε = (α − 1)1000 for the species of interest. The resulting εc and 
εD in our study are −15.15 ± 0.06� and −273.5 ± 1.0�, respec-
tively. These MOx enrichment factors are within the range of those 
previously determined for MOx in laboratory pure and mixed cul-
tures and environmental studies, where carbon enrichment factors 
range from (−3� to −38�) and hydrogen enrichment factors 
(−38� to −320�) (Barker and Fritz, 1981; Coleman et al., 1981; 
Feisthauer et al., 2011; Kinnaman et al., 2007; Templeton et al., 
2006; Wang et al., 2016)

The calculated γ values, with 1σ error, for 13CH3D/12CH4 us-
ing the average 13C/12C and D/H α’s from both incubations of 
0.9981 (± 0.0017) could be considered “ideal”, in that fractiona-
tion is within error of the RGM. In other words, the fractionation 
6

of 13CH3D relative to 12CH4 is approximately the product of the 
fractionation factors for bulk carbon and hydrogen isotopes. This 
result is consistent with the 13CH3D γ ’s calculated by Wang et al. 
(2016) who reported weighted averages 13CH3D γ ’s of 1.0005 (±
0.0003) and 1.0000 (± 0.0007) in their 30 and 37 ◦C incubations, 
respectively.

To the best of our knowledge, we here report the first
�12CH2D2 values of methane involved in MOx, obtained from 
pure bacterial cultures. Unlike the “ideal” 13CH3D γ values, the 
12CH2D2 γ values, with 1σ error, are distinctly lower than ideal, 
with a value of 0.9013 (± 0.0045) (Fig. 2), showing that the 
12CH2D2 fractionation does not follow the RGM during MOx.

It is instructive to compare our MOx results to α’s and γ ’s pre-
dicted for 12CH2D2 resulting from abiotic methane oxidation by 
hydroxyl radicals. The α’s in our study for D/H and 12CH2D2 of 
0.7265 (± 0.0010) and 0.4757 (± 0.0023), respectively, are simi-
lar to the fractionation factors for D/H and 12CH2D2, of 0.757 and 
0.521 for OH oxidation of methane, respectively, obtained from ab 
initio calculations by Haghnegahdar et al. (2017). The value for 
the 12CH2D2 γ from our MOx pure culture experiments of 0.9013 
± 0.0045 is similar to the 12CH2D2 γ of 0.906 for oxidation by 
OH radicals implied by the results from e.g. Haghnegahdar et al. 
(2017).

The mechanism behind the low γ value for 12CH2D2 remains 
poorly understood. Ono et al. (2021), conducted experiments to 
elucidate the �13CH3D (not �12CH2D2) and singly-substituted iso-
topologue signatures during AOM and found the γ values for 
13CH3D obtained in their study were unexpectedly lower than 
unity (γ < 1). In that work, the phenomenon was explained in 
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Fig. 3. Mass-18 isotopologue plot showing trajectories of residual methane gas af-
fected by uptake by MOx in a closed system Rayleigh distillation model. Paths for 
different 13CH3D γ values at our measured γ for CH2D2 are shown. Solid black 
line is the trajectory using measured γ ’s from the MOx experiments in this study. 
Solid grey lines are modeled trajectories with a range of different 13CH3D γ ’s. Open 
circles are the MOx data from this study. The closed black circle is the starting 
methane isotopologue composition. The dark grey curve represents thermodynamic 
equilibrium for comparison.

terms of difference in zero-point energies from reactant-like to 
product-like transition states of the enzyme structure during the 
oxidation reaction. In this context, any solution involving zero-
point energies will lead to larger effects where D substitutions for 
H are involved, as shown by the ab initio calculations by Haghne-
gahdar et al. (2017). In any case, it appears that deviations from 
RGM could indicate alteration of a methane source by oxidation. 
The transition states of the monooxygenase enzymatic in our study 
were not determined, and further research into the relationship of 
deviations of the RGM to enzyme transition state causing isotopo-
logue effects should be conducted. Nevertheless, the low γ value 
for 12CH2D2 exerts a significant influence over the trajectories in 
mass-18 isotopologue space followed by methane affected by MOx, 
as discussed next.

5.2. Trajectories of �13CH3D and �12CH2D2 in open and closed 
systems

Our results allow us to characterize the trajectories followed by 
methane in �13CH3D vs. �12CH2D2 space as it is consumed by 
MOx in either open or closed systems. We find that these tra-
jectories are controlled by the precise values for γ ’s. In order to 
illustrate the effects of γ ’s, we consider three cases, oxidation in 
the absence of production in a closed system (the case for our in-
cubations), oxidation with production in closed systems, and the 
steady-state case where transport (flow) is balanced against oxida-
tion.

5.2.1. Rayleigh distillation in closed systems
We first consider the closed system case where methane is con-

sumed by a Rayleigh distillation process in which only aerobic 
oxidation of methane is occurring, and no new methane is be-
ing supplied to the system. Fig. 3 shows the calculated trajectories 
of residual methane gas in �13CH3D vs. �12CH2D2 space based 
on our measured MOx fractionation factors. The overall trend 
shows decreases in both �13CH3D and �12CH2D2. For comparison, 
we also show calculated trajectories in �13CH3D vs. �12CH2D2
space for a range in 13CH3D γ values at a fixed value for the 
7

12CH2D2 γ that matches the value measured in our incubations 
(Fig. 3). Although the paths become steeper for 13CH3D γ less than 
1, the paths are all similar in showing decreasing �12CH2D2 with 
more moderate changes in �13CH3D where only oxidation occurs 
(Fig. 3).

5.2.2. Time-dependent oxidation with production
Next we consider the case where there is a balance between 

methane production and consumption over time in a closed system 
(Haghnegahdar et al., 2017). Here, a constant rate of production is 
balanced against oxidation, where the oxidation is taken to be a 
first-order kinetic process with a fixed rate constant. The overall 
process is described by the ordinary differential equation,

dni

dt
= Ei − kini, (16)

where ni is the time variant moles of the isotopologue of interest i, 
Ei is the methane source term for species i, and ki is the rate con-
stant for oxidation of i (yr−1). The solution for the time-dependent 
variability in moles of isotopologue i is,

ni(t) = no
i e−kit + Ei

ki

(
1 − e−kit

)
, (17)

where no
i is the initial moles of i and t is time. The steady-state 

moles of the methane isotopologue species i are obtained by eval-
uating (17) where t → ∞, and thus e(−kit) → 0, yielding

ni (t ∼ ∞) = Ei

ki
. (18)

The steady-state amount of methane is thus seen to be controlled 
by the ratio of the methane production rate and the methane oxi-
dation rate constant. The steady-state ratio of two isotopologues is 
then,

ni (t ∼ ∞)

n j (t ∼ ∞)
= ki E j

E jki
, (19)

where ni (n j) is the amount of moles of isotopologue i ( j), Ei
(E j) is the methane source term for i ( j), and ki (k j ) is the rate 
constant for oxidation of i ( j). Fig. 4 shows the calculated trajec-
tories of methane gas in �13CH3D vs. �12CH2D2 space based on 
Equation (17) for (E/no)/k of 1. We address the effects of differ-
ent (E/no)/k in greater detail below. Steady state will be achieved 
in several e-folding times for oxidation (i.e., where t >> 1/ki ). For 
the α and γ values measured in our experiments, the path fol-
lowed by methane begins with moderate decreases in �13CH3D 
and �12CH2D2 followed by modest increases in �13CH3D and, 
eventually, dramatic increases in �12CH2D2 with progressive oxi-
dation. The precise path, however, is exceedingly sensitive to the 
γ value for 13CH3D (Fig. 4). While �12CH2D2 always increases 
dramatically, when γ for 12CH2D2 is less than 1, and we assume 
this to be true in all cases, the magnitude, and even the sign of 
�13CH3D changes with even small differences in γ for 13CH3D of 
0.001. Lowering the 13CH3D γ from 0.997 to 0.996, for example, is 
sufficient to cause a change in sign in the shift in �13CH3D with 
oxidation (Fig. 4).

5.2.3. Oxidation in open systems at steady state
Next, we consider the situation in which the supply of methane 

in the system is not from local biota, but from an outside flux of 
methane into the system, through the region of oxidation, after 
which methane exits again. The calculated α’s from the experi-
mental data were applied to an open system steady-state flow-
through model (Hayes, 2001). We first rearrange the mass balance 
equation to obtain for the steady state case,
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Fig. 4. Mass-18 isotopologue plot showing trajectories of the mass-18 isotopologues 
in a closed-system time dependent model (e.g., Haghnegahdar et al., 2017) when 
production and oxidation rate constants are equivalent ((E/no)/k =1) and with vary-
ing 13CH3D γ . Solid black line is the trajectory using our measured γ ’s from the 
MOx experiments. Solid grey lines are modeled trajectories with varying 13CH3D 
γ ’s. Open circles are experimental data points to demonstrate the difference in 
mass-18 isotopologue signatures in our experiments to the mass-18 trajectories in 
the open system flow-through model. The closed black circle is the starting methane 
isotopologue composition to compare with the experimental data points and the 
mass-18 trajectories in the open flow-through system. The dark grey curved line is 
the thermodynamic equilibrium curve for reference.

Ro = (1 − ϕ) R + Rϕα, (20)

where Ro is the initial isotopologue ratio, R is the steady state 
value, ϕ is the ratio of methane oxidation rate to residence time 
of the gas in the flow system, and α is the fractionation factor for 
the MOx reaction. Substitution of δ + 1 for R yields the equation 
cited by Wang et al. (2016),

δ = δo + 1

1 + ϕ(α − 1)
− 1. (21)

Fig. 5 shows calculated �13CH3D and �12CH2D2 values in the 
steady-state flow-through open system scenario. Each point along 
the curve represents a steady state at different values for ϕ . While 
resembling the curves in Fig. 5, these curves do not depict time 
evolution, but rather a series of possible steady-state compositions 
for methane affected by oxidation in the presence of flowing gas. 
The parameter ϕ in Equation (20) is a normalized version of the 
Dahmköhler number, Da, where Da = τ /(1/k), τ is the residence 
time of gas in the system and k is the rate constant for the reac-
tion. Therefore, ϕ = Da/(1+Da). When k is large in comparison to 
τ , Da is large and ϕ goes to its maximum value of unity and the 
situation approaches that in the last section where production is 
low compared with the rate of oxidation. Conversely, if k is lower 
than τ , ϕ goes to 0 and the methane in the system is unaffected 
by oxidation. Here again, the curves for cases in between are sensi-
tive to small changes in γ for 13CH3D. In all cases, the evolution of 
both �13CH3D and �12CH2D2 trajectories are above the thermo-
dynamic equilibrium line when methane oxidation is dominant.

5.3. Implications

The analysis above shows that in a closed system, in the 
absence of introduction of fresh methane, oxidation will lower 
�12CH2D2 in the residual gas as oxidation progresses, and
�13CH3D will decrease, stay the same, or even increase depending 
8

Fig. 5. Mass-18 isotopologue plot showing different steady-state methane composi-
tions in an open flow- through system from Hayes (2001), with varying 13CH3D 
γ . The circles on the curves represent the steady state values for different rel-
ative rates of flow and oxidation (ϕ , see text). Solid black line is the trajectory 
defined by different steady-state values using the measured γ ’s from the MOx ex-
periments. Solid grey lines are modeled trajectories with varying 13CH3D γ ’s. Open 
circles are experimental data points to demonstrate the difference in mass-18 iso-
topologue signatures in our experiments to the mass-18 trajectories in the open 
system flow-through model. The closed black circle is the starting methane isotopo-
logue composition to compare with the experimental data points and the mass-18 
trajectories in the open flow-through system. The dark grey curved line is the ther-
modynamic equilibrium line.

upon the precise γ values for 13CH3D. In our analysis, we observe 
that �12CH2D2 is far removed from the RGM, and thus we have 
assumed that γ is always smaller than 1 for �12CH2D2 and that 
this is a robust feature of oxidation in all cases.

Where oxidation is balanced against production of methane, ei-
ther in closed or open systems, one expects to find decreases in 
�12CH2D2 in the residual gas relative to the source where replen-
ishment of the gas is negligible, but for production rates that are 
significant compared with rates of oxidation, the effect of oxida-
tion is to raise �12CH2D2 values rather than lower them. This is 
a direct reflection of 12CH2D2 γ being smaller than 1. This proves 
to be a critically important observation for using mass-18 isotopo-
logues as a means for determining the provenance and history of 
methane gases.

Recent work has determined the mass-18 isotopologue signa-
tures of microbiologically produced methane in vitro and in vivo 
and the results suggest that �13CH3D and �12CH2D2 are markedly 
negative where methane is produced by microbial methanogene-
sis (e.g., −4 � for �13CH3D and −43� for �12CH2D2) (Young 
et al., 2017). The question arises as to whether or not oxidation 
could mimic these mass-18 isotopologue signatures, thus adding 
confusion as to the origin of methane with low �12CH2D2 and 
low �13CH3D values. Our results suggest that in the absence of 
methane production, extreme degrees of oxidation (where a large 
fraction of the methane is consumed) could lead to low �12CH2D2
and �13CH3D values that might be confused with the signature of 
microbial methanogenesis. However, where production is simulta-
neous with oxidation, either in-situ (Fig. 4) or outside the region of 
oxidation where gas flows through the oxidation region (Fig. 5), the 
resulting �12CH2D2 and �13CH3D values do not resemble those 
produced by microbial methanogenesis (Fig. 6).

The precise positions of the gases in mass-18 isotopologue 
space will depend on the source, but if the source is micro-
bial methanogenesis, then the residual gas will have either low 
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Fig. 6. Mass-18 isotopologue plot showing trajectories of the mass-18 isotopologues 
in a closed-system time dependent model (e.g., Haghnegahdar et al., 2017), with 
varying (E/no)/k. Solid black line is the trajectory using our measured γ ’s from 
the MOx experiments where (E/no)/k = 1. The solid grey line is the modeled tra-
jectory using the measured γ ’s from the MOx experiments when (E/no)/k = 0.1. 
The dashed black line corresponds to the measured γ ’s from the MOx experiments 
where (E/no)/k = 0.01. Open and closed squares represent the mole ratio as time 
proceeds when (E/no)/k equals 0.1 and 0.01, respectively. Open circles are experi-
mental data points from this study. The closed black circle is the starting methane 
isotopologue composition. The dark grey curved line is the thermodynamic equilib-
rium curve for reference. Grey solid polygon represents the microbial field. Black 
solid cylinder represents the abiotic field.

�12CH2D2 (and �13CH3D) or higher values with oxidation where 
the source persists. Indeed, the confusion that may arise where 
methane is added to a region of methane oxidation is that the 
microbial source of methane might be less evident because the 
�12CH2D2 values will be higher than expected.

From the preceding analysis it is clear that the ratio of produc-
tion rate to consumption rate will influence the trajectory of resid-
ual methane during aerobic oxidation of methane. We illustrate the 
impact of varying rate constants of methane production relative 
to methane oxidation (E/no)/k in the Fig. 6. Lowering (E/no)/k to 
<<1 forces the �12CH2D2 and �13CH3D trajectory of the residual 
methane into the microbial methanogenesis field where more than 
90% of the methane has been consumed (Fig. 6). Further oxida-
tion results in an increase in �12CH2D2 above the thermodynamic 
equilibrium line as the residual methane is consumed by oxida-
tion, but the fraction of methane remaining is exceedingly small 
by this stage (Fig. 6). We note that trajectories of residual methane 
in �12CH2D2 vs. �13CH3D space are almost indistinguishable for 
(E/no)/k of 1, 10, 100, and 1000 (not shown). This finding illustrates 
explicitly that only where replenishment of methane is very low 
can MOx mimic microbial production in �12CH2D2 and �13CH3D 
space.

With this result in hand, we can return to the example of 
the methane in the Oman Ophiolite. We conclude that the low 
�12CH2D2 and �13CH3D values exhibited by some of the gas em-
anating from the ultramafic complex reported in Nothaft et al. 
(2021) are best interpreted as a microbial source of methane un-
less oxidation was acting on existing gas in the absence of any 
source of methane. The latter seems unlikely, bolstering the use of 
these mass-18 isotopologues as tracers of microbial methanogene-
sis.
9

6. Conclusions

In the present study we observed the �12CH2D2 and �13CH3D 
signatures over time in a closed system chamber containing aero-
bic methane-oxidizing bacteria in pure cultures. The results were 
used to obtain α’s and γ ’s for both �12CH2D2 and �13CH3D. 
We conclude that MOx fractionates 13CH3D “ideally” with re-
spect to RGM, which validates previous work. We report for the 
first time measured α’s and γ ’s for 12CH2D2 from MOx (to the 
best of our knowledge). We conclude that the fractionation of 
12CH2D2 exhibits marked departures from the RGM, which tends 
to drive residual methane to high �12CH2D2 values with progres-
sive oxidation where a source of methane is present during ox-
idation. The trajectories of residual methane gases in �12CH2D2
vs. �13CH3D space are sensitive to small deviations in 13CH3D 
from the RGM. Our results indicate that in a closed system, where 
methane production is absent, or occurring at very low rates rel-
ative to oxidation, the mass-18 isotopologue signatures of resid-
ual methane could potentially mimic microbial methanogenesis 
signatures. However, in a closed system where methane produc-
tion and oxidation are simultaneously occurring, the MOx mass-
18 isotopologue signatures are not at risk of mimicking micro-
bial methanogenesis. Furthermore, we show that in open systems, 
where methane production is balanced by oxidation and advection, 
oxidation results in a combination of �13CH3D and �12CH2D2 val-
ues distinct from microbial methanogenesis, suggesting methane 
oxidation in an open system is clearly distinguishable from gas 
produced by microbial methanogenesis.
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