
Developing Methane Isotopologues as Interplanetary
Biosignatures

Edward D. Young

UCLA
Email: eyoung@epss.ucla.edu

Tel: 310 267 4930

William D. Leavitt

Dartmouth College
Email: william.d.leavitt@dartmouth.edu

Tel: 603 646 2978



Methane Biosignature Planetary/Astrobiology

Abstract
The rare isotopologues of methane gas have great potential as a widely applicable biosig-

nature throughout the Solar System. They are also superb tracers of abiotic chemistry. A
thorough understanding of these species will inform future missions to Mars and the icy
moons as to the potential benefits of including in-situ measurements of ∆12CH2D2 and
∆13CH3D . The value of this potential biosignature relies critically on assessments of its
success rate. If the associated confidence level as a biosignature is high, then developing
methods to make these measurements on future missions would be high-priority. If the con-
fidence is low or ambiguous, then such measurements would be considered less of a priority.
Developing this new tool is therefore a moderate risk but high potential payoff proposition.

1 Introduction

Methane (CH4 ) has great potential as a tracer of geochemical and atmospheric chemical
processes in the solar system, in part because its potential biogenicity offers the attractive
prospect of a biosignature (Yung et al., 2018). The power of methane as a tracer stems
not merely from its presence or absence, although this is important, but also because it
comprises a large number of isotopologues (isotopic varieties); the presence of two elements
with two relatively abundant stable isotopes each in a molecule composed of 5 atoms results
in a large information content. The origin of methane is an important issue for a number of
solar system bodies, including Mars, Titan, Enceladus, and Pluto. The in-situ discovery of
CH4 gas on Mars by Curiosity (Webster et al., 2015) was described as a “eureka moment”
in planetary exploration (Yung et al., 2018). Similarly, detection of CH4 spewing forth from
Saturn’s moon Enceladus by the Cassini spacecraft (Waite et al., 2017) has focused attention
on the possible origins of methane on icy ocean worlds.

Figure 1: Possible sources and sinks of
methane on Mars. Image credit: NASA/JPL-
Caltech/ SAM-GSFC/University of Michigan.

The excitement surrounding the detec-
tion of CH4 on Mars is certainly in part be-
cause it might be microbial in origin. But
the significance of the presence of methane
goes well beyond its possible biogenicity.
The contrast between the highly oxidized
surface environments of Mars today and the
presence of a tracer of reduced environments
is a clue to the geochemistry of the planet
past and present. A continuous source of
methane is required to balance its atmo-
spheric residence time of ∼ 300 years as a
result of rapid oxidation in the atmosphere
triggered by photochemistry (Atreya et al.,
2007; Lefèvre, 2019). Evidence for a season-
ality to the effusion of CH4 has been taken
as evidence for temporary storage in soils,
offering some constraints on the sources, al-
though the seasonality has been questioned recently (Gillen et al., 2020). Identifying the
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source of methane effusing from the surface is among the most pressing questions pertaining
to the geochemistry of Mars.

The origin of methane in Enceladus is not known with certainty. It may be inherited
from the accretion stage or the result of active serpentinization at the base of an internal
ocean (Mousis et al., 2009; Bouquet et al., 2015). Extant molecular hydrogen in a setting
where water-rock reactions are thought to occur favors serpentinization; serpentinization
generates H2 gas that can lead to methane formation, either abiogenic or biogenic. The tan-
talizing possibility for microbial methanogenesis remains. Serpentinization at sufficiently low
temperatures (<∼ 100oC) can sustain chemolithotrophic life, and studies have explored the
likelihood for conditions appropriate for methanogenic archaea to survive within Enceladus
(Taubner et al., 2018).

Our understanding of the sources of methane in various planetary bodies has been stymied
by the lack of unambiguous signatures of the provenance of the CH4 molecules (e.g., intra-
species tracers). This problem is exacerbated in extraterrestrial settings because our access
to the geochemical context for the methane is limited by the nature of remote spacecraft ob-
servations. While the bulk carbon and hydrogen isotope ratios of methane gas, 13C/12C and
D/H , have proven to be useful, if imperfect, tracers of the origin of methane in terres-
trial environments (Schoell, 1980), they are of limited use for extraterrestrial applications
where the source material is unknown. Bulk isotope ratios depend on both the sources of
carbon and hydrogen that produce the methane and the processes by which the molecules
form. However, in the settings of other worlds, with no a priori knowledge of the carbon
and hydrogen budgets, deciphering the meaning of 13C/12C and D/H ratios can be difficult.
While extremely high D/H ratios due to atmospheric escape are examples of unambiguous
bulk isotope tracers, the more subtle variations conveyed to CH4 molecules depend on the
D/H ratios of the source hydrogen, which is generally unknown beyond Earth. For example,
on Earth, methane formed in boreal lake settings tends to have low D/H because of the low
D/H of the source water at high latitude. This is not a signature of the formation pathway,
and methane formed by the same basic microbial methanogenesis process will have different
D/H ratios depending on latitude. In the case of carbon, low 13C/12C values are taken as
signs of biotic carbon sources on Earth, but our knowledge of the meaning of 13C/12C values
on Mars will remain limited for some time (e.g., Van Zuilen, 2008), not to mention the
uncertainties surrounding those on Titan and Enceladus.

2 Isotopologues as Tracers of Methane Provenance

Multiply substituted isotopologes (isotopic variants) of gas molecules, often referred to as
the isotopically “clumped” species, are well suited for determining the formation mechanism
of a gas on another world where our understanding of the meaning of bulk isotope ratios is
limited. These clumped species free us from the hindrance of needing to know the significance
of bulk isotope ratios. This is because it is the abundances of these doubly-substituted species
relative to their random abundances that are the clues to the origins of the gas, irrespective
of the bulk isotope ratios themselves.

The term “isotopologue” refers to specific isotopic versions of the molecule of interest,
and includes all isomeric variants. For example, the 12CH3D isotopolouge here refers to

2



Methane Biosignature Planetary/Astrobiology

the 12CH3D + 12CH2DH + 12CHDH2 + 12CDH3 permutations of the D-substituted iso-
topic species of CH4 collectively. Three groups have thus far investigated rare isotopologues
of methane in natural samples. Two groups have investigated the relative abundances of
13CH3D in terrestrial settings as a tracer of the temperature of formation of methane and/or
a tracer of reaction mechanism (e.g., Ono et al., 2014; Stolper et al., 2014; Wang et al., 2015).
At UCLA we have focused on using the combination of 13CH3D and 12CH2D2 to disambiguate
the multiple sources of methane gases using a process-oriented approach (Young et al., 2016,
2017; Haghnegahdar et al., 2017; Giunta et al., 2019; Ash et al., 2019; Young, 2019). The
likelihood for acquiring measurements of the relative abundances of 13CH3D and 12CH2D2 by
remote spacecraft in extraterrestrial settings has been enhanced by the development of a
spectroscopic method for measuring both mass-18 methane species (Gonzalez et al., 2019),
although large aliquotes of gas are currently needed.

We submit that an important goal should be to mitigate (if not eliminate) the uncertain-
ties surrounding the use of bulk 13C/12C (δ13C ) and D/H (δD ) ratios alone for tracing the
origin of methane gases, with the ultimate goal of developing isotopologue abundances in
methane as a widely applicable biosignature. As a result of the last five years of study, we
have collected sufficient data both in the laboratory and in the field to allow us to define fields
on plots of ∆12CH2D2 vs. ∆13CH3D that distinguish the processes of methane formation. The
∆13CH3D and ∆12CH2D2 parameters are the ‰ deviations from the abundances of these
isotopologues if prescribed by random combinations of the carbon and hydrogen isotopes
(the stochastic reference frame). As an illustration of the distinction between ∆13CH3D and
∆12CH2D2 values and bulk isotope ratios, consider that on the left-hand panel of Figure 2
the black solid curve represents ∆13CH3D and ∆12CH2D2 values at thermodynamic equilib-
rium as a function of temperature. The curve applies for all bulk isotope ratios; the values
are the same for a gas at equilibrium regardless of whether the bulk δD is −300 ‰ or +300
‰ (relative to some reference like VSMOW), and so they would be unchanged regardless of
which planet or icy moon hosts the methane.

Figure 2 shows ∼ 170 analyses of methane samples from the field together with products of
various experiments, including high-temperature synthesis experiments and axenic cultures.
Fields are shown for gases of microbial origin, high-T formation (thermogenic gases), and
abiotic formation (Fischer-Tropsch-type reactions, FTT, including the Sabatier reaction,
and gases from the Kidd Creek mine, KC). The black equilibrium curve is labelled with
temperatures of formation or equilibration. Grey symbols are for various localities not central
to the arguments made here. Based on the clumping diagram in the left panel, the three
endmember processes are well distinguished. On the bulk isotope diagram on the right,
however, there is considerable overlap between thermogenic (derived from organic matter
at high temperatures) and microbial gases (we will refer to the latter as microbialgenic to
contrast with thermogenic). Both sources of biotic methane derive from biologically derived
material, and thus tend to have low δ13C values, but they represent distinct processes and
environmental histories (thermal breakdown vs. microbial). The data shown here happen to
include a number of samples of microbialgenic gas from high-latitude wetlands, explaining
the low δD values compared with many of the thermogenic gases, giving the appearance of
separation. However, separation in the panel on the right is due entirely to the δD of the
source water rather than the processes of formation and is not universal.

The crucial difference between the panels on the left and right in Figure 2 is that the
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Figure 2: Comparison of data categorized by process in ∆12CH2D2 vs. ∆13CH3D space
(left panel) to their positions in the bulk “Schoell” bulk isotope ratio plot (right panel).
Fields on the left are based on the mass-18 isotopologue data from the UCLA laboratory,
both published and unpublished. After Young (2019).

clumping diagram reflects process while the bulk isotope plot reflects both process and
source. The latter poses a significant hurdle for applying bulk isotope ratios as a tracer
of the origin of extraterrestrial methane, a hurdle that is to a large degree surmounted by
application of ∆12CH2D2 vs. ∆13CH3D data as in the panel on the left. As an illustration,
we show data for CH4 from the Samail Ophiolite, Oman (through collaboration with A.
Templeton, U. of Colorado) in which the position for one datum (Oman 1) on the clumping
diagram indicates a microbial source while the bulk isotopes suggest an abiotic source. If
measured in isolation, with little geochemical context, the high δ13C value (right panel)
would have no meaning and would be of little value. Conversely, using ∆12CH2D2 and
∆13CH3D values a microbial origin would be indicated. Lingering uncertainties about the
effects of oxidation on ∆12CH2D2 values allows for an argument about whether the high δ13C
is due to a high-δ13C source of carbon for microbial methanogenesis or if instead it is due to
partial oxidation of abioitic methane. Uncertainties surrounding the veracity of ∆12CH2D2

as a biosignature allow the controversy to be fueled by ancillary geochemical arguments in
a terrestrial environment, context that would not be available on other bodies. More work
is required.

3 Developing a Methane Biosignature for Other

Worlds

Methane produced by microbial methanogens is characterized by significant depletion, or
“anti-clumping” , in ∆12CH2D2 of 20 to 50‰ or more, relative to thermodynamic equi-
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librium (Young et al., 2017; Young, 2019). These ∆12CH2D2 depletions are accompanied
by proportionately smaller deficits in ∆13CH3D (Figure 2). This deficit in ∆12CH2D2 in
particular is a biosignature. We recently identified the source of this deficit. The study, a
collaboration between the authors and their groups (Taenzer et al. 2020), showed through a
series of experiments that the low 12CH2D2 signature comes from the “combinatorial” effect,
a phenomenon first identified in the laboratory at UCLA (Yeung et al., 2015; Yeung, 2016;
Röckmann et al., 2016). This effect is an isotopologue manifestation of the inequality be-
tween the geometric and arithmetic means. Succinctly stated, the geometric mean is always
equal to or less than the arithmetic mean. Methane molecules built from more than one
source of hydrogen with distinct deuterium/protium isotope ratios have isotopologue abun-
dances reflecting the geometric mean of these isotope ratios, but the original isotope ratios of
the source atoms are no longer discernible in the mixture comprising the methane molecules.
The original geometric mean is therefore unknown. An anomalously low concentration of
12CH2D2 relative to the reference “stochastic” value results because the stochastic value is
based on the arithmetic mean isotope ratio measured in our mass spectrometers. We now
have a robust explanation for our earlier observations.

Although it is clearly relevant to microbially produced methane, until very recently (Taen-
zer et al., 2020), the combinatorial effect was not yet demonstrated in any experimental
study. In order to evaluate the fidelity of this new biosignature, a rigorouos program of
natural and laboratory-based experiments is warranted. An experimental program is nec-
essary to constrain the mechanistic relationships between exogenous (environmental) and
endogenous (mechanism specific) factors that produce clumped isotopic signatures in micro-
bially produced or altered methane. In parallel, experiments examining the ∆12CH2D2 and
∆13CH3D signatures of abitoic methane synthesis under a variety of conditions are crucial.

Other key unknowns surrounding the veracity of ∆12CH2D2 and ∆13CH3D as biosigna-
tures require experimental attention. Axenic cultures, including the methylotrophic and
hydrogenotrophic pathways, and samples of microbialgenic methane from boreal wetlands
and a salt marsh from California exhibit the combinatorial effect associated with microbial
methanogenesis. However, the relevance to all methane gases produced microbially has been
questioned.

Aerobic methane oxidation could conceivably alter the ∆12CH2D2 and ∆13CH3D values
of a gas and confound the use of these isotopologues as biosignatures. The crucial parameter
in this regard is somewhat arcane; the deviation of the 12CH2D2 /CH4 fractionation factor,
αCH2D2 , from the rule of the geometric mean (RGM) which suggests that ideally αCH2D2 =
(αCH3D)2. The paths taken in ∆12CH2D2 vs. ∆13CH3D space with oxidation depend on this
deviation that is described using γ = αCH2D2/(αCH3D)2. Theory suggests that γ < 1 is the
rule for 12CH2D2 , in turn suggesting that oxidation of abiotic methane will not cause a false
positive biosignature . However, we require experimental data on the effects of bacterial
oxidation on methane gas to assess the likelihood that this process could either produce a
spurious methane biosignature or erase a valid signature.

These are few of the types of studies that should lead to a quantitative assessment of
what could prove to be a robust geochemical biosignature in planetary settings where the
more usual bulk isotope ratios are of limited use.
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