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Abstract

This study applies a combined isotope and doubly-substituted isotopologue (‘clumped’) methane approach to samples col-
lected over a 9-year long-term experiment at the Kidd Creek scientific observatory located 2.4 and 2.9 km depth below sur-
face, combined with previously published data from 2.1 km below surface. The observatory is located in a fractured rock
system within Kidd Creek Mine in Timmins, Ontario, Canada, situated within a 2.7 Ga Volcanogenic Massive Sulphide
(VMS) deposit on the Canadian Shield. Isotope and isotopologue methane data suggest a temporal variation in the various
sources of methane within the fracture fluids system between 2.1 and 2.9 km below surface. Predominantly abiogenic methane
is identified in samples collected from the deepest level of the mine (2.9 km). Comparing new data from the 2.4 km level with
previous data from 2.1 km suggests addition of a small component of microbially-generated methane to the fracture water
systems at 2.4 km. The temporal evolution of the methane isotopologue signatures suggest an additional process is occurring
within these waters. Specifically, methane in samples from 2.4 km (and some from 2.9 km) approach low-temperature ther-
modynamic equilibrium in clumped isotopologue space, which is not consistent with kinetically-controlled methane produc-
tion (either microbial or abiogenic). Anaerobic Oxidation of Methane (AOM) during microbial methanotrophy is shown to be
the most likely process to drive such re-equilibration via isotopic bond re-ordering. This study provides an unprecedented
high-resolution temporal record over more than a decade for methane in a deep subsurface crystalline environment and
demonstrates the advantages of clumped isotopologue studies to identify multiple processes controlling the methane cycle
in these systems including both abiotic and biotic methane production and methanotrophy.
© 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION dissolved in saline fracture waters and has been identified

globally in sites from the Canadian Shield, to the

Within crystalline rocks of the Precambrian crust, Fennoscandian Shield and South Africa Craton
methane is frequently present as a major gas component (Sherwood Lollar et al., 1993a, 2008; Ward et al., 2004;

Kietdvédinen and Purkamo, 2015; Drake et al., 2017).
Methane in such environments has been postulated to be
“DOI of original article: 10.1016/j.gca.2020.11.026. generated either abiogenically through water-rock interac-
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methanogenesis. Once formed, methane can subsequently
be affected by processes such as mixing/addition of sec-
ondary methane, as well as through microbial activity such
as methanotrophy (Ward et al., 2004; Sherwood Lollar
et al., 2006; Etiope and Sherwood Lollar, 2013 and refer-
ences therein). The crystalline Precambrian crust accounts
for approximately 72 % of the total surface area of the con-
tinents and over 80 % of terrestrial crust at depths below
2km (Goodwin, 1996; Gleeson et al., 2016). Sherwood
Lollar et al. (2014) demonstrated that these regions of
ancient crust are still geochemically active, with global
hydrogen production in the deep crystalline basement com-
parable to that of the marine lithosphere. This was further
reinforced by the work of Parnell and Blamey (2017) and,
more recently, Warr et al. (2019) who independently con-
firmed that the ancient basement could serve as a major
source of H,, a key reactant sustaining subsurface methane
production via both abiotic and microbial reactions (e.g.
Sherwood Lollar et al., 1993b, 2002, 2006). Considering
the global crustal volumes involved along with the potential
for hydrogen production and conversion to methane, these
multiple lines of investigation suggest abiogenic methane
production in both marine seafloor and terrestrial crys-
talline rock environments represents a significant, yet still
poorly constrained, reservoir in the global carbon cycle
(Klein et al., 2019; Warr et al., 2019).

1.1. Rare isotopologues of methane

Recently, it has become possible to analyse low abun-
dance isotopic species of methane (rare isotopologues)
beyond those used for traditional isotope-based studies
(i.e. ">CH,, '*CH, and 12CH;D). These naturally occurring
low abundance isotopologues, which in total represent less
than 0.0006 % of all methane species, contain one or more
additional heavy isotopes (i.e. *C or D) to those used in
conventional isotope analyses, and are usually referred to
as ‘clumped’ or ‘doubly substituted’ isotopologues
(Stolper et al., 2014b; Ono et al., 2014; Young et al.,
2016; Douglas et al., 2017). Through measurement of the
most abundant of these multiply-substituted isotopologues
(13CH3D), studies have demonstrated that when methane
forms at thermodynamic equilibrium, the relative abun-
dance of '*CH;D changes as a function of temperature,
as predicted by Wang et al. (2004), Ma et al. (2008) and
Webb and Miller (2014) and others. This results in equili-
brated methane produced at progressively lower tempera-
tures having increasingly higher proportions of '*CH;D
than would be predicted based on a random (stochastic)
distribution of the constituent isotopes (Stolper et al.,
2014a, 2014b; Ono et al.,, 2014; Young et al., 2016;
Eldridge et al., 2019). The measured abundance of
3CH;D relative to the stochastically predicted amount is
typically denoted using the A notation and is expressed in
%o (Wang et al., 2004; Eiler, 2007). The temperature-A rela-
tionship is the basis for the application of this rare isotopo-
logue as a geothermometer to provide constraints on
methane production temperatures in a variety of natural
settings (e.g. Stolper et al., 2014a, 2014b, 2015; Wang
et al.,, 2015; Douglas et al., 2017; Young et al., 2017,

Wang et al., 2018, Thiagarajan et al., 2020a). However,
relying on the relative abundance of '*CH;D alone to deter-
mine formation temperature can be misleading due to
kinetic effects associated with microbial methanogenesis
pathways (Stolper et al., 2014a, 2015; Wang et al., 2015;
Young et al., 2017; Gruen et al., 2018; Ash et al., 2019;
Giunta et al., 2019; Young, 2019, Gropp et al., in press;
Ono et al., 2021). This can result in unrealistically high
apparent temperatures being calculated from A'*CH;D
for natural samples and laboratory cultures (e.g. Wang
et al., 2015; Douglas et al., 2017; Young et al. 2017;
Gruen et al., 2018; Giunta et al., 2019).

Recently, the ability to accurately resolve and measure
the next most abundant doubly-substituted isotopologue
( 12CH2D2) can be combined with A'>*CH;D to plot a ther-
modynamic equilibrium line in isotopologue space (Young
et al., 2016, 2017). Thermogenic methane formed through
the thermal decomposition of organic material is typically
observed to lie on this equilibrium line (Stolper et al.,
2014a, 2014b, 2015; Young et al., 2016, 2017), although
recently some exceptions to this have been noted in labora-
tory experiments (Shuai et al., 2018) and in theoretical
models of methane production (Xia and Gao, 2019). In
instances where methane does not plot on the A'*CH;D-
A"CH,D;, equilibrium line, the suggestions are that this
methane formed out of equilibrium through kinetically dri-
ven processes such as the abiotic Sabatier reaction or via
microbial activity; or under some conditions via pyrolysis
of organic material under (Xia and Gao, 2019). Alterna-
tively, methane may have been affected by additional pro-
cesses which affect the overall isotopic composition e.g.
mixing of multiple components (Young et al., 2016, 2017).

1.2. Kidd Creek Observatory for investigation of the deep
terrestrial carbon cycle

Kidd Creek Observatory on the Canadian Shield has,
over the past 2 decades, provided an unprecedented long-
term monitoring and investigative setting more than 2 km
below surface in the continental lithosphere for investiga-
tion of the preservation of deep fluids, water-rock reaction
driven habitability, subsurface microbial life (Lollar et al.,
2019) and developments of frameworks for deciphering
the origin of methane (Etiope and Sherwood Lollar, 2013
and references therein). While not a pure abiotic end-
member, a series of studies have suggested an important
role for abiotic organic synthesis in the production of
CH, and higher alkanes (ethane, propane, butane)
(Sherwood Lollar et al., 2002, 2006, 2008), and H, produc-
tion by serpentinization (Sherwood Lollar et al., 1993a,
1993b, 2014; Warr et al., 2019). Further, radiolytic pro-
cesses related to the highly radiogenic environment have
been shown to not only produce additional H, from radi-
olytic decomposition of water, but to produce dissolved
SO, by indirect radiolytic oxidation of the pyrite and
reduced sulfur minerals (Li et al., 2016). Cell counts and
culture-based methods (Most Probable Number analysis)
have recently demonstrated the presence of H,— utilizing
and alkane-oxidizing SO, reducing bacteria in the Kidd
Creek fluids (Lollar et al., 2019), but the low cell concentra-
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tions suggest rates of microbial activity are low, consistent
with observations in other deep subsurface communities in
both deep continental (Lin et al., 2006; Magnabosco et al.,
2018a) and oceanic subsurface ecosystems (Trembath-
Reichert et al., 2017; NASEM, 2018). To investigate ques-
tions at the intersection of abiotic organic synthesis and life,
we require environments that are not beyond the thermal
(or other) limits to life, but where abiotic processes may still
occur at significant enough rates, or even if slow rates pre-
vail, where preservation of the products of such reactions is
significant enough that “abiosignatures” can be identified
and where the abiotic cycle and biological carbon cycle
co-exist. As such the Kidd Creek system provides a com-
pelling setting for examining how clumped methane iso-
topologues can address questions on the rates,
mechanisms and processes of deep subsurface methane for-
mation and evolution in the Precambrian crust.

1.3. Carbon sources in Archean hydrothermal seafloor
deposits of the Abitibi Province

Formed by regional hydrothermal processes on the
Archean seafloor, the main graphite-bearing lenses at Kidd
Creek are carbonaceous meta-argillites that have been
extensively studied in the context of Kidd Creek and other
Archean carbonaceous horizons of the Abitibi province of
the Canadian Shield (Springer, 1985; Wellmer et al., 1999;
Ventura et al., 2007). A comprehensive picture across the
province as a whole shows overall trends of increasing total
organic content (% TOC) as high as 10-15% at some sites
that correlate with the most depleted 8'°C values for
TOC - values as low as —48%o (Wellmer et al., 1999). This
correlation has been interpreted to arise in small restricted
sea-floor basins where Precambrian stratified seas resulted
in trapping of microbially produced CH,4 recycling isotopi-
cally “light” carbon into the sediment column due to oxida-
tion processes (Schoell and Wellmer, 1981; Wellmer et al.,
1999; Ventura et al., 2007).

With specific focus to the Kidd Creek setting though,
this deposit is interpreted as a massive hydrothermal system
formed in a proximal seafloor setting within a larger basin
setting (Thurston et al., 2008). Here carbon sources and
processes are associated with little evidence of the extreme
13C-depletions attributed to methane cycling observed else-
where in the province (Schoell and Wellmer, 1981; Wellmer
et al., 1999). This is based on both the significantly more
13C-enriched nature of the TOC values observed there
(=18 to —33%o) and lack of correlations between TOC
levels (1-10%) and 8'*C values. The range of 8'°C values
for the highly graphitized and refractory TOC of Kidd
Creek is similar to the range reported for Phanerozoic
and even modern immature organic matter (—20 to
—30%0) (Schoell and Wellmer, 1981; Clark and Fritz,
1997; Wei et al., 2018). While to our knowledge studies
have not been done to compare methane generated from
modern organic matter to what might be generated from
an Archean carbonaceous argillite, the similarity in source
material 8'°C values does not suggest the latter would be
markedly different, in isotopic composition anyway. Hence
while some contribution of thermogenic methane to the

Kidd Creek gases cannot be arbitrarily ruled out, it is
nonetheless clear that the Kidd Creek gases do not share
carbon and hydrogen isotope signatures that overlap with
conventional thermogenic gas.

These Precambrian hydrothermal seafloor systems were
characterized by extensive carbonization, where hydrother-
mal fluids rich in CO, induced formation of carbonates in
less reduced zones and production of graphite in more
reducing (Ventura et al. 2007). As noted above, while
microbial activity in Precambrian stratified small basins
are believed to account for the more '*C-depleted range
of 8!3C values observed at some sites, at other sites such
as Kidd Creek the prevalent graphitic horizons with more
B3C-enriched §'*C values have been attributed to addition
of hydrothermal graphite by the reaction:

nCOZ(magmalic) + (21’! + X)CHZ
- 3nCO + 2n(H20) + XCHZ(hydrothermally altered) (1)

rather than generation of graphite by in situ dehydrogena-
tion and aromatization of more labile organic matter
(Ventura et al., 2007). In such systems, subsequent abiotic
processes of methane formation in the ultramafic rocks
have been invoked in the literature such as in the metamor-
phosed ophicarbonates of the Italian Alps, where Vitale-
Brovarone et al. (2017) describe episodic infiltration of
highly reducing fluids causing precipitation of graphitic C
and mineral-alteration, followed by abiotic methane pro-
duction through interaction with the graphitic layers
(although in this case no 8'>C values are reported). Given
the presence of similar mineralogies (carbonate and graphi-
tic layers, ultramafics) in an ancient hydrothermal system
such as Kidd Creek, as well as the presence of abundant
H, typically associated with such water-rock reactions,
the identification of abiotic methane in the Kidd Creek
fracture waters is at least consistent with a similar process
and setting. The specific rates, reactions, and timings sur-
rounding methane production, however, require further
investigation.

The remarkably '*C-enriched nature of carbon sources
at Kidd Creek extends beyond the organic phases. For
the carbonates at Kidd Creek, the range of 313C values is,
like the TOC 8'3C range (—18 to —33%c; Wellmer et al.,
1999), also quite 13C-enriched, with values for carbonates
typically between —1 to —5%o. These are again very differ-
ent from the Precambrian sites where microbial methane
has been invoked, where 8'3C values for carbonates trend
to as low as —25%o, again correlating with the increasing
TOC levels and 8'3C TOC values as '*C-depleted as
—48%o0 (Wellmer et al., 1999). In fact, all carbon sources
at Kidd Creek are quite enriched in '*C. In addition to
the solid phases including organic carbon (—18 to —33%o)
and carbonates (—1 to —5%o); the dissolved inorganic car-
bon (DIC) and dissolved organic carbon (DOC) have
ranges of 3'*C values of only between —0.5 to —8.8%;
and —5.1 to —8.9%o, respectively (Sherwood Lollar et al.,
2021). DIC concentrations are low (typically 30-60 uM).
DOC ranges from 2-5 Mm but is remarkably simple in
composition — made up almost in entirety of acetate and
formate (Sherwood Lollar et al., 2021). The latter provides
a good check on the absence of contamination, as surface
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fluids used for mine operations have a far more complex
DOC load consistent with their origin in a surface lake
(Lollar et al., 2019).

Given the variety of potential mechanism to produce
abiotic hydrocarbons invoked in the literature, including
Sabatier and FTT reactions; surface catalyzed hydrogena-
tion from CO, or CO; uncatalyzed aqueous CO, reduction,
thermal decomposition of carbonates; carbonate-graphite
metamorphism (see Etiope and Sherwood Lollar (2013)
Table 1 for references), and the paucity, to date, of experi-
ments that explore their full range of compositional and
isotopic fractionation patterns, the specific mechanisms of
abiotic methane production at Kidd Creek remain unre-
solved. Any and all of the above are consistent with the
geologic, mineralogic and fluid history of the system. While
it is not yet clear which of the various carbon sources at
Kidd Creek are the ultimate carbon source, it is instructive
to note, that the range of the oxidized carbon sources listed
above (carbonates, DIC) is about —1 to —8.8%c. Based on
the experiments conducted by McCollom et al. (2010) and
compiled by McCollom (2013); a carbon source in such a
range would be expected to produce abiotic methane that
is up to 30-34%o more depleted. While far from definitive
such values are nonetheless within the range of methane
observed at Kidd Creek (—32 to —45%o).

1.4. Recent Frameworks for evaluation of biogenicity and
abiogenicity

As most recently summarized in Etiope and Sherwood
Lollar (2013) and Sherwood Lollar et al. (2008), the inter-
pretational framework for evaluation of potential abiogenic
contribution to methane relies on a five-part analysis
including:

1. Characterization, to the degree possible, of the entire
reaction spectrum of reactants and products involved
in the methane cycle (e.g. opic.ca4. OH20-cHa Values,
relationships between 8'°C and 3*H of methane, ethane
and higher hydrocarbons)

2. Associated Species (H,, CO,, H,0, noble gases, S spe-

cies, carbon sources)

. Geologic and Hydrogeologic Context

. Evaluation of Potential for Mixing

5. Role of Post-genetic Alteration Processes

A W

This integrated approach is heavily influenced by emerg-
ing trends in life detection and biosignatures research (and

Table 1

Mean and standard deviation 8'3C, 8D, A'>*CH;D and A'>’CH,D,
for 13 independent analyses of internal standard UCLA-1. All
values reported in per mil (%0). The reported standard deviation
here is considered to be a reasonable representation of the
uncertainty for unknown samples prepared and analysed at UCLA.

Isotopic signal Mean lo
3"*Cippp) —34.97 0.11
3D(smow) —51.18 0.31
ACH;D —0.084 0.22
A>CH,D, —1.35 0.58

the corollary — indicators of abiogenicity) arising from the
planetary sciences and astrobiology community. Recent
work and reports (NASEM, 2018; Hoehler et al. 2020) have
emphasized that differentiating biogenicity from abiogenic-
ity, even on Earth, is not a yes/no proposition based on a
simple set of criteria. For abiotic methane in particular,
the problems with any given proposed criteria or even set
of criteria have been critiqued by Sherwood Lollar et al.
(2008); Etiope and Sherwood Lollar (2013); and most
recently many of the same points from these earlier studies
nicely summarized by Reeves and Fiebig (2020) (for sum-
mary see Table Al in the accompanying appendix).

The integrated approach as articulated in the NASEM
report An Astrobiology Strategy for the Search for Life in
the Universe (which we note includes Earth) calls for a
“comprehensive framework for assessment of biogenicity
- including the potential for abiosignatures, false positives,
and false negatives - to guide testing and evaluation of
in situ and remote biosignatures.” Critically, it states that
the evidence for life, or for non-life (abiogenicity) must be
evaluated and understood within the context of the envi-
ronment that hosts it. Practically what this means is rather
than a set of criteria (and yes/no propositions), investiga-
tion should focus on a set of questions to inform, for any
given system, the prevalence and ‘‘signal strength” of
potential biosignatures, of abiosignatures, and significantly,
of any contamination. Context, geochemical baselines,
potential primary versus secondary alteration, and spatial
and temporal variability in signals, particularly where they
may identify mixing effects, are all critical components of
such an integrated approach.

1.5. Application of an Integrated Framework to Kidd Creek
methane investigations

A critical aspect of the contextual evaluation is that not
all methane identified at Kidd Creek or at other Precam-
brian Shield sites we have investigated are abiotic. In most
cases there is evidence for methane from different sources.
Most commonly a microbially produced methane compo-
nent is readily identifiable based on multiple observations
including for instance opic.ch4, dH20-ca4 values, relation-
ships in the 5'°C and 8°H of methane, presence or absence
of associated gases (e.g. H,), and confirmatory culture-
based and non-culture (genomic) microbial studies. Typical
examples include Beatrix Mine in South Africa (Ward et al.,
2004); Enonkoski Mine in Finland (Sherwood Lollar et al.,
1993a); and Thompson Mine in Canada (Telling et al.,
2018). Many subsurface sites in the Precambrian Shield
have been shown to be dominated by “textbook” examples
of methane produced by microbial CO, reduction (Ward
et al., 2004; Sherwood Lollar et al., 2006; Lin et al.,
2006). At other sites mixing trends identify fracture fluids
that range from “textbook” microbial methane, to methane
with very different characteristics. For one end-member
then, all lines of evidence including compositional, isotopic
(3'3C and &%H values for CHy; opic.cra and ogpo.cra val-
ues) as well as culture-based and molecular microbiological
evidence are consistent with existing expectations for micro-
bial methanogenesis via CO, reduction. Unlike these micro-
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bial end-members, the proposed abiogenic gases do not
readily fit any of the existing interpretational frameworks
for either microbial or thermogenic gas, and do not appear
to be controlled by either thermodynamic or enzymatically-
mediated isotopic or chemical equilibrium (Sherwood
Lollar et al., 2006, 2008).

The presence of these microbial methane end-members,
as outlined in Sherwood Lollar et al. (2008) is an important
component in the integrated interpretation of the system as
it enables, by comparison and contrast, identification of
end-members that do not fit into “‘conventional” microbial
methane conceptual models. In fact it is the spatial and
temporal variation in these parameters that is a key under-
pinning of the interpretation that more than one source of
methane exists and that the overall variation at most sites is
one of mixing to greater or lesser degree. While the possibil-
ity exists for a microbial methane with very different attri-
butes than any identified to date (always a potential issue
with empirical defined studies and even more so in so-
called “extreme” environments) to attribute the observa-
tions to such as yet uncharacterized microbial processes
would require the environments under investigation to con-
tain both conventional “textbook” microbial methane, as
well as this previously unrecognized CH,. Interpreting the
entire spectrum of signatures as microbial in origin would
require that both “conventional” microbial methane and
“unrecognizable” microbial methane exist in the same frac-
ture fluid environments. Hence the 2008 paper continued:

* While we do not disagree that microbial processes clearly
are capable of producing a wide variation in carbon and
hydrogen isotopic fractionation patterns, we are not con-
vinced by this argument alone. Given the lack of fit of these
non-microbial end-members to all known microbial and
thermogenic interpretational frameworks to date, alterna-
tive explanations for the compositional and isotopic fea-
tures of these gases must be examined. In this light, the
contextual information about the Kidd Creek system plays
a major role.”

1.6. Geological and hydrogeological context

Reeves and Fiebig (2020) make steps in the direction of
focusing on contextual environment in their insightful com-
ments that point out the important role played by open ver-
sus closed systems. They note that many systems
traditionally investigated for abiotic methane formation
are open systems such as springs or vents where, under
open system conditions, organic matter (or microbial com-
munities) may be introduced into the system from nearby
sediments, sedimentary rocks or near-surface fluids
(through mixing with seawater or recharging groundwa-
ters). In such systems maximum complexity is found and
multiple methane sources (microbial, thermogenic and abi-
otic) may mix, making clear identification of abiotic
methane challenging. They highlight the importance of
recent work by Klein et al. (2019); Grozeva et al. (2020)
and Vitale-Brovarone et al. (2017) all of which demonstrate
that the accumulation of abiotic hydrocarbons may be par-
ticularly promoted in closed systems. While in open system

the contribution of abiotic methane may occur too slowly
to outpace thermogenic and microbial contributions, they
note: “Under closed system conditions, inorganic carbon in
entrapped hydrothermal fluids may have sufficient time to
react with H, and form CHy and other light hydrocarbon
slowly over time” (Reeves and Fiebig, 2020). Elsewhere they
note the kinetic inhibitions on significant abiotic methane
formation via magnetite catalysed serpentinization at labo-
ratory timescales, but note that a wider range of potential
catalysts (chrome, iron, nickel) and long residence times
(they cite decadal) could favour more abiotic methane for-
mation even if at slow rates.

Kidd Creek fracture waters are some of the most
“closed” fluid systems that have ever been identified in
the continental crust. Time scales of hydrogeologic isola-
tion on the hundreds of millions to more than 2 billion
years have been documented (Holland et al., 2013; Warr
et al., 2018). Here, as in the deep gold mines of South
Africa, the extraordinarily long residence time and closed
system fracture fluids mean that even slow rates of H, pro-
duction by radiolysis (estimated at 0.1 to 1 nM/year; Lin
et al., 2005a; Sherwood Lollar et al., 2014) can accumulate
to readily account for the Mm levels of dissolved H, docu-
mented in the deep mine fluids (Lin et al., 2005a, 2005b).
Mass independent sulfur isotopic signatures in the dissolved
SO, in the Kidd Creek fluids similarly attest to a hydroge-
ological closed system in which the sole source of oxidized
sulfur is derived from the Archean host rock by indirect
radiolytic oxidation processes (Li et al., 2016). Even if rates
of H, production and associated methane formation by ser-
pentinization are slow in such systems, the presence of dis-
seminated catalysts such as iron, nickel, chromium catalysts
in these actively mined host rocks, coupled with immense
timescales, define a plausible end-member case for identifi-
cation of products of abiotic methane processes as products
of water-rock reactions accumulate under the type of
closed system conditions in fact referenced by Reeves and
Fiebig (2020). The evidence at Kidd Creek of Archean Xe
isotopic signatures (Holland et al., 2013, Warr et al.,
2018), and at Kidd Creek and Mponeng mines, South
Africa and the Yilgarn craton Australia, of Precambrian
Ne isotopic signatures (Lippmann-Pipke et al., 2011;
Kendrick et al., 2011; Holland et al., 2013; Warr et al.,
2018) demonstrate long-term in situ preservation of noble
gas components and suggest these ancient fracture fluids
share some characteristics with the trapped fluid inclusions
preserved in the same rocks.

This review has emphasized the critical need for an inte-
grated approach that focuses not on a set of individual cri-
teria but on the need for a comprehensive framework of
assessment of biogenicity or abiogenicity integrating geo-
logic and hydrogeologic context, geochemical baselines,
potential primary versus secondary alteration, and spatial
and temporal variability in signals, particularly due to mix-
ing effects. Recent reviews by Etiope and Sherwood Lollar
(2013), Schrenk et al. (2013) and Reeves and Fiebig (2020)
are in agreement in identifying caveats and potential false
negatives/positives for most individual criteria. However
that does not mean that technological developments and
new observational parameters are not an important aspect
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of scientific progress in this challenge. The overall goal of
this paper is to evaluate the role of recent progress on
clumped methane isotopologues in this difficult challenge
of defining biogenicity and abiogenicity, whether than is
being done on Earth, or to investigate other planets and
moons such as Mars, Enceladus or Titan. Previous work
by Young et al. (2017) revealed abiogenic methane (formed
via the Sabatier reaction under laboratory conditions) can
be extremely depleted in A'>CH,D, even though
ABCH;D did not show any corresponding depletion. This
is particularly noteworthy as depleted A'’CH,D, values
were also observed in a pilot set of natural methane samples
from Kidd Creek Mine, from boreholes already considered
dominantly abiogenic based on the integrated interpreta-
tional framework outlined above (e.g. Sherwood Lollar
et al., 1993b, 2006, 2008; Etiope and Sherwood Lollar,
2013). The specific mechanisms surrounding depletion in
A?CH,D, in abiogenic methane remain an active area of
study and are currently attributed to quantum tunnelling
effects, combinatorial effects due to 3D isotopic differences
which arise due to reversibility in one or more steps of abio-
genic methanogenesis and or different hydrogen sources
(i.e. molecular and water-derived hydrogen), or a combina-
tion thereof (Young et al., 2017, Young, 2019, Cao et al.,
2019, Taenzer et al., 2020). While Young et al. (2017)
addressed only 10 samples, this paper focuses on 31
methane samples from Kidd Creek, of which approximately
half were analyzed for both methane isotopologues as well,
to evaluate the formation and evolution mechanisms con-
trolling methane in this deep subsurface setting using a
combined isotope and isotopologue approach. In addition
this new study expands the 2017 pilot dataset to include
samples collected over a 9 year period of temporal monitor-
ing of this system, and from two levels of the observatory,
providing one of the few isotopologue studies to investigate
temporal evolution in methane sources and cycling in the
deep subsurface.

2. GEOLOGY OF THE SUPERIOR PROVINCE OF
THE CANADIAN SHIELD - KIDD CREEK, TIMMINS,
ONTARIO, CANADA

Kidd Creek Observatory is located in an operating mine,
situated 24 km from the city of Timmins in Ontario,
Canada, within a 2.7 Ga stratiform Volcanogenic Massive
Sulphide (VMS) deposit (Thurston et al., 2008). This
deposit is part of the Kidd-Munro assemblage which is part
of the larger Volcanic Zone section of the Abitibi green-
stone belt, a major feature of the Superior Province region
of the Canadian Shield (Bleeker and Parrish, 1996). The
Kidd Creek deposit comprises a series of steeply dipping
interlayered sequence of metasedimentary, ultramafic,
mafic, and felsic units. The stringer ore, which is a major
economic resource for the region, is principally located
within the felsic component and was formed by the circula-
tion of metal and silica rich hydrothermal fluids beneath the
sea floor.

The VMS assemblage at Kidd Creek as a whole formed
through a series of episodic volcanic eruptions interposed
with deposition of argillite to chert carbonaceous sediments

during periods of quiescence, all deposited in a shallow sea-
floor setting at 2.72-2.71 Ga (Thurston et al., 2008). A
regional metamorphic event at 2.67-2.69 Ga resulted in
entire deposit being metamorphosed to greenschist facies
and there was a final, post-depositional, metasomatic event
at 2.64 Ga. Since then the area has remained geologically
quiescent with estimated temperatures remaining below
100 °C for the past two billion years (Davis et al., 1994;
Bleeker and Parrish, 1996; Thurston et al., 2008; Berger
et al., 2011; Li et al., 2016).

Kidd Creek Mine was developed as an open pit mine in
1964 to exploit the high copper, zinc and silver content of
the VMS deposit. Since then it has expanded at depth to
form the deepest base metal mine in North America, pre-
sently is operating at a depth of 2.9 km. In this facility
the typical mining process utilises a standard exploratory
borehole approach. Briefly this entails multiple lateral cores
of differing dips taken from boreholes at designated depths
to determine the ore content in the surrounding rock. These
exploratory boreholes frequently intersect with fluid-filled
fractures at pressure within the host rock and, as a result,
provide a means for these fracture fluids to drain out
(Warr et al., 2018). The fluid volumes involved can be sig-
nificant and high flow rates (>1000 mL/min) over signifi-
cant time periods (several years) have been documented.
Gas samples taken from these expelled fluids were analysed
for both their elemental and hydrocarbon isotopic compo-
sitions as well as their low-abundance methane isotopo-
logues. All gas samples were taken following the methods
of Sherwood Lollar et al. (2002) and Ward et al. (2004)
which are outlined fully in Section 3.1.

Since the early 1990s, Kidd Creek Mine has served as a
key sampling point for scientific investigations for subsur-
face fluids (Doig et al., 1995; Sherwood Lollar et al.,
2002). More recently, a dedicated observatory has been
continuously in operation at the 2.4 km level since 2007.
Here, the fluid geochemistry has been monitored for over
a decade and represent, to our knowledge, the longest tem-
poral study of subsurface fluids available at such a pro-
found depth in the scientific community. Previous studies
at this location have focussed on investigating the origin
of the dissolved gases (Sherwood Lollar et al., 2002, 2006;
Young et al., 2017), deep subsurface habitability (Li et al.
2016, Lollar et al 2019), and fluid residence times uses noble
gas analyses (Holland et al. 2013; Warr et al. 2018).

3. SAMPLE COLLECTION AND ANALYSIS
3.1. Sample collection

All samples were collected directly at the borehole col-
lars after the methods outlined in Sherwood Lollar et al.
(2002) and Ward et al. (2004) both for this and previous
gas-based publications from the Kidd Creek Observatory
(Sherwood Lollar et al., 2002; Holland et al., 2013;
Young et al., 2017; Warr et al., 2018; Labidi et al., 2020).
An inflatable packer was inserted into the borehole opening
and inflated to create an air-tight seal to prevent atmo-
spheric contamination. A Tygon tube was connected to
the end of the packer which was placed in an inverted,
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water-filled, submerged sampling beaker with a Luer
attachment at the base. A rubber stopper was used to seal
the Luer attachment. Gas samples were then collected
through the rubber stopper using a gas-tight syringe with
a 22-g syringe needle on which were then injected into
pre-evacuated 160 mL borosilicate glass serum vials sealed
with air-tight blue butyl rubber stoppers containing
100 pg of saturated HgCl,. These samples were analysed
for compositional, conventional isotope, and isotopologue
analysis following the methods of previously published
studies (e.g. Ward et al., 2004; Onstott et al., 2006;
Sherwood Lollar et al., 2006; Young et al., 2017).

3.2. Compositional and conventional isotope analysis

All gas samples were analysed at the Stable Isotope Lab-
oratory at the University of Toronto, after the methods
outlined in Ward et al. (2004) and Sherwood Lollar et al.
(2006). All compositional analyses were run in triplicate
and mean values calculated. Briefly, for hydrocarbon anal-
ysis (CHy, C,Hg, C3Hg and C4H o) a Varian 3400 Gas
Chromatograph (GC) was used in conjunction with a flame
ionisation detector (FID). The hydrocarbons were sepa-
rated by passing each sample through a J&W Scientific
GS-Q column (0.32 mm OD x 30 m) using helium as a car-
rier gas. Initially the column was held at 60 °C for 150 s
after which it was increased to 120 °C at a rate of 5 °C/60 s.

To determine the remaining inorganic gas components
(H,, He, O,, CO; and N,) a Varian 3800 GC was used in
conjunction with a micro-thermal conductivity conductor
(LTCD) again using the techniques based on Ward et al.
(2004) and Sherwood Lollar et al. (2006). Each inorganic
compound was separated by passing the sample through
a Varian Molecular Sieve SA PLOT fused silica column
(0.53 mm OD x 25m) using helium for a carrier gas to
measure Ar and O, and using argon as a carrier gas to mea-
sure H,, He and N,. For the Ar and O, analysis the oven
temperature was held at —10 °C to ensure complete separa-
tion between Ar and O, within the column. For the H,, He
and N, analysis the oven temperature was initially set to
10 °C for 600 s after which it was increased to 80 °C at a
rate of 25°C/60 s. For CO, an initial temperature of
60 °C with an increase to 250 °C at 20 °C/60 s and a hold
time of 360 min was used. In all samples CO, was below
detection consistent with previous analyses of these highly
reducing systems (e.g. Sherwood Lollar et al., 2002;
Sherwood Lollar et al., 2006) The ratio of methane to
higher hydrocarbons (C;/C,+) are presented in Table 2.

The 8'*C and 3D were measured independently using
two different techniques. 313 C(cna) and 8D(cpa4y values were
measured via continuous flow gas source mass spectrometer
at Toronto using a Finnigan MAT 252 (3'3C) and Finnigan
MAT Delta™-XL (8D) (Sherwood Lollar et al., 2002) and
were independently confirmed during the isotopologue
analysis at UCLA (Section 3.3). For the analyses conducted
at the Stable Isotope laboratory (Toronto) the technique
follows the methods outlined by Sherwood Lollar et al.
(2002). As is convention the carbon and hydrogen data
are presented in the 313C and 8D format, which expresses
the results (in%o) relative to the IAEA international stan-

dards VPDB and VSMOW respectively. Further analytical
information regarding isotopic analysis and uncertainty is
provided in Sherwood Lollar et al. (2007).

3.3. Isotopologue analysis

Clumped isotopologue analyses of methane in each sam-
ple were performed using the high-resolution Panorama
Mass Spectrometer at UCLA which also simultaneously
measured 8'*C and 8D values for these samples. Prior to
analysis, gas samples were purified and the methane compo-
nent isolated using a stainless-steel vacuum line interfaced
with a gas chromatograph using the techniques as outlined
by Young et al. (2017), Giunta et al. (2019), and Ash et al.
(2019). All isotopologue samples were analysed for this
study (Young et al., 2017) using the high-resolution Nu
Instruments Panorama Mass Spectrometer at UCLA which
has the mass resolving power (MRP) to resolve the >CHJ,
BCHY, BCH;D", )CH;D' and '’CH,D3 methane ion
beams (MRP of ~40,000 or greater - Young et al., 2016).
Mass spectrometry was performed using the specific analyt-
ical procedures and set up as outlined in previous studies
(Young et al., 2017; Ash et al., 2019; Giunta et al., 2019).
Summarising briefly, two sets of measurements are made
for each methane gas sample, corresponding to two differ-
ent mass settings for the mass spectrometer. In the first
magnet setting (mass setting) the ratios '>*CH,/'>CH, and
3CH;D/'?CH, are measured for 20 blocks of 20 pairs of
sample-reference gas measurement cycles. In the second
mass setting the ratios 2CH;D/'>CH, and >*CH,D,/'>CH,
are measured for 40 blocks of 20 pairs of sample-reference
gas measurement cycles. Each measurement cycle of sample
or reference gas is a 30 second integration. The numbers of
blocks were slightly reduced where the methane concentra-
tions were low to ensure that sufficient gas was available for
both mass settings. In order to minimise any pressure effects
in the mass spectrometer source, the 2CHJ ion currents for
the reference and sample gases are re-balanced to the same
fixed ion current after each measurement cycle. 12CHI s
13CHJ, and '">)CH;D™ ions currents are measured using
Faraday cups with 10'" Q resistors. The much lower abun-
dance CH;D" and '>CH,Dj ions were counted using an
electron multiplier at approximately 10,000 and 200 cps,
respectively.

Results for the Toronto isotope ratios are reported in %o
in the usual delta notation, 3'>C (relative to VPDB) and 8D
(relative to VSMOW), For the rare, multiply-substituted
isotopologue analyses at UCLA, the convention is A nota-
tion. In this context this symbol represents the %o deviation
of the abundance of the measured isotopologue ratio from
the stochastic ratio calculated from the bulk isotopic com-
position of the gas using the methods and equations pre-
sented in Young et al. (2016, 2017):

( BCH,D/ 12CH4)

ABCH,D = sample 11| x 1000

( 3CHD/ 12CH4)

stochastic

(1)



Table 2

Research Data. 8'3C, 3D and isotopologue data for samples taken from Kidd Creek Observatory. All values are presented in per mil (%o). Values denoted with?® represent 5'>C and 5D analyses
performed by the Stable Isotope Laboratory at the University of Toronto with a corresponding total uncertainty of +-0.5 and +5%o respectively (Section 3.4). ®Denotes values analysed at UCLA
with corresponding external 8'>C and 8D uncertainties of +0.11 and 40.31%o respectively (See Table 1). Uncertainty for A'>3CH;D and A '2CH,D, were calculated through propagation of
measurement errors and are comparable to the external reproducibility stated in Table 1. Samples denoted with * indicate isotopologue values previously published in Young et al. 2017. Also given
is the C;/C,. value representing the ratio of methane to higher hydrocarbons where C; represents methane and C, is the sum of C2 (ethane), C3 (propane), C4 (butane) and C5 (pentane). The
uncertainty on each concentration value is + 5 %. NM denotes data not measured. Days since borehole completion provides time period between drilling completion and the day sampling was
done.

Sample Days since borehole 53¢ 3D? 53¢ 3D? 53¢ 5 D° ACH;DP A'>CH,D} C,/Cost
drilled (methane) (methane) (ethane) (ethane) (methane) (methane)
Kidd Creek 2.4 km
11.02.08_KC 7850 BH12299 258 —38.8+0.5 —-392+5 —39.9+0.5 —-303+5 NM NM NM NM 9.4+0.7
19.06.08_KC_7850_BH12299 387 —38.6+0.5 —388+5 —384+0.5 —294+5 NM NM NM NM 9.54+0.7
31.03.09_KC_7850_BH12299 672 —39.8+0.5 —389+5 —38.8 £0.5 —289+5 NM NM NM NM 8.6 +£0.6
12.01.10_KC_7850_BH12299 959 —38.7+0.5 —384+5 —38.3+0.5 —-307+5 NM NM NM NM 9.4+0.7
21.10.10_KC_7850_BH12299 1241 —40.4+0.5 —450 + 5 —-40.3+0.5 —303+5 NM NM NM NM 8.6 +0.6
01.03.12_ KC 7850 BH12299 1738 —40.5+0.5 —388+5 —40.4 £0.5 —290+ 5 NM NM NM NM 9.1+0.6
20.09.13_KC 7850 _BH12299 2306 —41.3+0.5 —-393+5 —40.6 +£0.5 —315+5 NM NM NM NM 9.1+0.6
02.04.14_KC_7850_BH12299* 2500 —-39.7+0.5 —-380+5 —39.8+0.5 -310£5 —39.6 +£0.1 —-391.5+0.3 58+0.2 18.0 £ 0.6 8.9+ 0.6
03.04.14 KC 7850 _BH12299 2501 —39.7+0.5 —388+5 —39.9+0.5 —-309+5 NM NM NM NM 9.0+0.6
12.07.16_KC_7850_BH12299 3332 —-39.1+0.5 —-393+5 —39.6 £ 0.5 -301+5 —-39.5+0.1 —3952+0.3 43402 16.5+0.8 8.7+ 0.6
25.01.17_KC_7850_BH12299 3529 —38.5+0.5 NM -39.8+0.5 NM -394 +0.1 —397.3+0.3 44+02 14.9 +0.7 93+0.7
06.06.17_KC_7850_BH12299 3661 —39.1+0.5 —-393+5 —39.5+0.5 —-310+5 —39.4 +0.1 —395.5+0.3 35402 13.9+0.7 8.8 +£0.6
10.05.07_KC_7850_BH12261 23 —39.6 +0.5 -394 +5 —38.5+0.5 -309+5 NM NM NM NM 104 +0.7
11.02.08_KC 7850_BH12261 300 —40.3 £0.5 -391+5 —40.3+£0.5 -301£5 NM NM NM NM 10.8 0.8
03.04.14 KC 7850 BH12261 2543 —41.0£0.5 —401 +£5 —40.6 £0.5 —-310+5 NM NM NM NM 10.2 +£0.7
22.10.15_KC_7850_BH12261* 3110 —38.7+£0.5 NM —-39.5+0.5 NM —38.7+0.1 —411.7+£0.3 5.8+£0.1 164 +0.7 8.1 £0.6
25.01.17_KC 7850 BH12261 3571 —39.6 £0.5 NM —39.4+0.5 NM —38.5+0.1 —410.3+0.3 4.0+0.2 14.7+0.7 9.0+0.6
06.06.17_KC_7850_BH12261 3703 —38.2+0.5 —406 + 5 —39.5+0.5 -316+5 —38.5+0.1 —410.5+0.3 39+0.1 12.1+0.8 9.3+0.7
27.08.07_KC_7850_BH12287a 119 —40.8 + 0.5 —383+5 —-39.9+0.5 —308 £5 NM NM NM NM 9.8 +0.7
20.06.08 KC 7850 BH12287a 417 —393+0.5 -392+5 —38.8£0.5 —307+5 NM NM NM NM 9.0+ 0.6
20.09.13_KC_7850_BH12287a* 2335 —42.2+0.5 —-393+5 —40.8 £0.5 —-319+5 —41.4+0.1 —389.5+0.3 53402 149 +£0.7 8.7+0.6
02.04.14_KC_7850_BH12287a* 2529 —41.5+0.5 -391+5 —41.4+0.5 -3194+5 —41.9 £+ 0.1 -391.5+0.3 5.0+0.2 14.0 £ 0.8 8.7+0.6
Kidd Creek 2.9 km
14.06.12_KC_9500_BH13762* 99 —-32.7+0.5 —417+5 —372+0.5 —302+5 —32.6 +0.1 —422.3+0.3 5.6 +0.1 —6.3+0.7 74+0.5
16.01.13_KC_9500_BH13762* 315 —343+0.5 —420+5 -37.0+0.5 -32245 —359+0.1 —421.3+0.3 6.0 +0.1 52408 49+03
01.03.12_KC 9500 BH13684 72 —32.5+0.5 —425+5 —36.5+0.5 300+ 5 NM NM NM NM 9.1+0.6
14.06.12_KC_9500_BH13684* 177 —-31.9+0.5 —410+ 5 —37.0+£0.5 —297+5 —-32.1+0.1 —4293+0.3 5.8+0.2 -99+0.6 79+0.6
08.02.12_KC_9500_BH13675 50 -32.0+0.5 NM -37.0+0.5 NM NM NM NM NM 52+04
29.11.12_KC _9500_BH2* 334 —333+0.5 —415+5 —-37.1+£0.5 -310£5 —32.7+0.1 —420.8 £0.3 52+02 —6.3+0.8 6.8 +0.5
16.01.13_KC_9500_BH2* 381 —-329+0.5 —413+£5 —-369+0.5 —292+5 —31.8+0.1 —420.0 £0.3 53+£02 —85+0.8 6.6 £0.5
13.07.16_KC 9500 Bubbling A N/A —322+0.5 —410 £ 5 —36.5+0.5 —313+5 NM NM NM NM 734+0.5

13.07.16_KC_9500_Bubbling B N/A —32.6+£0.5 —409 + 5 —36.9+0.5 —-313+5 NM NM NM NM 8.3+0.6
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12CH,D,/ CH
AIZCHZDZ _ ( 2 2/ 4)samplc —1
( IZCHZDZ/ 12CH4)stochastic

x 1000 ()

The accuracy of these stochastic ratios as derived by the
equations of Young et al. (2016, 2017) have recently been
independently evaluated by the study by Eldridge et al.
(2019) which confirmed agreement within 0.2%. for
A"CH;D and 0.35%o for A'"CH,Ds.

3.4. Measurement uncertainties

All compositional, carbon isotope ratio, and hydrogen
isotope ratio values analysed at the University of Toronto
using the analytical technique outlined here have a +5 %,
4+0.5%0 and +5%o total uncertainty respectively which
incorporates both accuracy and reproducibility after the
methods of Sherwood Lollar et al. (2007).

To determine the external reproducibility of samples
measured via the Panorama at UCLA an internal labora-
tory standard (UCLA-1) was independently analysed 13
times. The corresponding mean values and 1 o error are
reported in Table 1 and are representative of the uncer-
tainty for 3'>C and 8D values. In the case of A*CH;D
and A'?CH,D,, the external reproducibility indicated by
these replicate measurements is consistent, though slightly
lower than propagated measurement errors which are
derived as per Ash et al. (2019). Accordingly, we consider
the propagated errors to be most representative of the total
uncertainty for these isotopologues. These propagated
errors are provided for each sample in Table 2.

4. RESULTS
4.1. $'3C, 8D, and compositional data

The 8'3C, 8D, compositional and isotopologue data
from both laboratories are presented in Table 2. There is
good agreement between the 3'°C and 8D isotope values
measured at the Stable Isotope Laboratory in Toronto
and from the Panorama at UCLA (Table 2). Most values
lie within reported 1 o uncertainty of one another and all
except two dD values lie within 2 6. The good agreement
between the two data sets (produced via two separate tech-
niques) both reinforces the validity of the values generated
via conventional means (GC-IRMS) as well as further high-
lighting the accuracy of analyses conducted using the
Panorama. Given that the data set generated by the Tor-
onto Stable Isotope Laboratory is significantly larger, and
covers three separate levels within the observatory (2.4
and 2.9 km data presented here, 2.1 km data taken from
Sherwood Lollar et al., 2002), these are the data set which
is used to investigate the 8'>C and 8D of light hydrocar-
bons, including methane, at Kidd Creek. These 3"3C and
dD data are presented in Fig. 1.

In Fig. 1 the methane isotopic data are plotted in a con-
ventional 8'3C-8D plot using the proposed microbial and
thermogenic fields from Sherwood Lollar et al. (2006), after
Schoell (1988). All Kidd Creek data plot outside of these
conventional microbial and thermogenic fields. Samples
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Fig. 1. 8'3C vs 8D of methane for samples collected from 2.4
(black squares) and 2.9 km (red circles) below surface. All values
presented in per mil (%0). Values for 2.1 km level (open and solid
blue triangles) are from Sherwood Lollar et al. (2002, 2008). These
previously published samples from 2.1 km are shown in solid blue
triangles (8000 series) while the sample collected from borehole
7792 is represented by an open blue triangle. No 8D is available for
the 6000 series data from 2.1 km and so has not been plotted. A
theoretical mixing line indicating the isotopic effect expected from
the addition of microbial methane is included (red dashed line). In
such a mixing scenario the microbial methane contribution to the
most 3C depleted sample from 2.9 km shown here is approxi-
mately 22 %. This mixing model uses a hypothetical microbial end-
member of —65%0 and —320%o for 8'*C and 8D respectively based
on typical microbial methane (e.g. Whiticar, 1999; Etiope et al.,
2013). The implications of different possible microbial end-mem-
bers are described in Section 5.1. (For interpretation of the
references to colour in this figure legend, the reader is referred to
the web version of this article.)

previously collected from 2.1 km (blue triangles) are also
plotted for comparison and these represent the dataset for
which abiogenic methane in this locality was first estab-
lished (Sherwood Lollar et al., 2006). These samples still
represent among the most '*C- enriched and most D-
depleted values identified at Kidd Creek (8000 series;
Table 1 Sherwood Lollar et al., 2002). Borehole 7792 from
2.1 km was an exception to this and based on the offset of
this sample towards somewhat more negative 8'°C and
more positive 3D values (and small changes in C;/C2 + ra-
tio), this and a limited number of other boreholes were to
thought to have a small addition of microbial methane
(open blue triangle — Fig. 1, taken from Sherwood Lollar
et al., 2002). In this study samples collected from 2.9 km
show 3'C and 8D isotopic values which overlap with those
identified more than 18 years ago at 2.1 km, and share the
same characteristics that also support an abiogenic origin
for these new gases from the deepest level of Kidd Creek.
In contrast, methane gas from the fracture waters at
2.4km have more '*C depleted values and more D-
enriched values relative to gases from 2.9 km and 2.1 km,
and instead are closer to those of borehole 7792 from
2.1 km (open blue triangle — Fig. 1). From both Fig. 1
and Table 2 (and Figure Bl) no temporal trend is dis-
cernible in the 3'*C or 8D values as a function of time
for any given borehole except for a single borehole at
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2.9 km depth (13762) which showed a slight negative shift
in 8'3C (=32.7 to —34.3%0) over the 216 days between sam-
pling events. No corresponding shift in 8D outside of error
was observed, however. The red dashed line represents a
theoretical mixing line between the presumably most abio-
genic samples (observed at 2.9 and 2.1 km) and a hypothet-
ical microbial end-member of —65%0 and —320%o for §'*C
and 3D respectively. This mixing calculation is fully dis-
cussed in Section 5.1.

In Fig. 2 the isotopic data are again plotted in a conven-
tional 8'3C - 8D plot using the proposed microbial and
thermogenic fields from Sherwood Lollar et al. (2006), after
Schoell (1988). Also plotted are the ethane (C») 8'*C and
dD values for each sample after Sherwood Lollar et al.
(2002). Values are additionally plotted for 2.1 km for bore-
hole 7792 and 8000 series from Sherwood Lollar et al.
(2002), where published 8D values are available. All ethane
values are more D-enriched compared to their associated
methane. However, samples collected from both 2.9 km
and 2.1 km (8000 series — solid blue triangles) show a '*C-
enrichment in methane relative to ethane, consistent with
the proposed abiogenic polymerisation models of
Sherwood Lollar et al. (2008) which also predict depletion
in '3C due to preferential polymerisation of '>C-bearing
methane (and, at the same time, enrichment in D due to
preferential cleaving of 'H-C bonds). In contrast, all
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Fig. 2. 8'3C vs 8D of methane (C;) and ethane (C») for samples
collected from 2.4 and 2.9 km (symbols as in Fig. 1) with published
values for 2.1 km from Sherwood Lollar et al. (2002, 2008). All
methane and ethane values are highlighted by a solid and patterned
box for emphasis. The position of methane relative to ethane has
shifted in samples collected from 2.4 km and in one borehole from
2.1 km (BH 7792) relative to samples collected from 2.9 km (this
study) and samples from 2.1 km (8000 series - Sherwood Lollar
et al., 2002). No 38D is available for the 6000 series data from
2.1 km and so has not been plotted. As in Fig. 1, this pattern
suggests a dominantly abiogenic end-member for Levels 2.1 and
2.9, and potentially an increasing contribution of microbially
produced methane accounting for the more depleted 8'C value for
methane for samples from 2.4 km (and the 7792 sample from
2.1 km). A theoretical mixing line indicating the effect of addition
of microbial methane is included (red dashed line) and discussed in
Section 5.1.

methane sampled from 2.4km, as well as from one
2.1 km borehole (7792 — open blue triangle) have methane
values which are more '*C-depleted and are comparable
to their associated ethane 8'3C values. Overall these sam-
ples from 2.4km show a relationship between 3'°C of
methane and ethane that is significantly different than the
abiogenic samples from 2.1 km and 2.9 km — and like bore-
hole 7792, may be explained by addition of a small compo-
nent of '*C-depleted microbial methane that has little
impact on the 8'3C ethane values (likely due to the very
small amounts of ethane typically associated with microbial
hydrocarbon  gases, which have C;/C,; ratios
typically > 1000).

Fig. 3 investigates this potential mixing interpretation
further. Here the 8'°C is plotted for methane (C,;) versus
the C,/C,. ratio, where C, represents higher hydrocar-
bons (ethane, propane, butane and pentane). In line with
Figs. 1 and 2, the proposed microbial field is taken from
Sherwood Lollar et al. (2006), modified from Hunt
(1996). Both 8'3C values and C;/C,. ratios for samples col-
lected from 2.4 km are offset compared to the samples from
2.9 km in a direction consistent with a larger contribution
of microbial methane to the 2.4 level samples. This new
set of data appears to confirm the observation first pro-
posed for the distribution of previously published data for
2.1 km (Sherwood Lollar et al., 2002) where the majority
of the 8000 and 6000 series are, like the 2.9 km samples,
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Fig. 3. The 8'3C of methane versus the C,/C,4 ratio based on
compositional data (Table 2), where C; represents methane and
Cy+ is the sum of C2 (ethane), C; (propane), C4 (butane) and Cs
(pentane). Published values for 2.1 km are from Sherwood Lollar
et al. (2002, 2008). Symbols as per legend and Fig. 1. Values for
313C are presented in per mil (%c). The potential mixing effect
discussed in context of Fig. 2 is further tested here demonstrating
that the addition of microbial methane (red dashed line) could
account for the small increase in C;/C,. ratio, and the shift in 5'3C
methane values discussed in Section 5.1. In such a mixing scenario
the microbial methane contribution to the most 2.9 km 8'3C
depleted samples shown here is approximately 23 %. The implica-
tions of different possible microbial end-members are described in
Section 5.1. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this
article.)
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consistent with a predominantly abiogenic origin, while
borehole 7792 from 2.1 km is consistent with an increasing
component of microbial methane (Sherwood Lollar et al.,
2002). A potential mixing line which incorporates the effect
of microbial addition is also included in Fig. 3 as with the
previous figures.

4.2. Rare Isotopologue data

As with the 8'3C, 8D, and compositional data, samples
from 2.4 and 2.9 km have different mass-18 isotopologue
characteristics as highlighted in Fig. 4. Methane sampled
from the deeper level (2.9 km) shows significant deviation
from thermodynamic equilibrium, and is strongly depleted
in A">)CH,D; relative to A'>*CH;D, as is methane formed
in abiotic laboratory experiments (Young et al., 2017). By
itself the temperature range associated with A'>*CH;D val-
ues (17-43°C) appears consistent with the low-
temperature geological environment under which the
methane is considered to have formed (Sherwood Lollar
et al.,, 2002; Etiope and Sherwood Lollar, 2013; Wang
et al., 2015). However, it is not possible to derive a temper-
ature from the negative A'2CH,D, value due to the marked
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Fig. 4. The low abundance isotopologue data is presented as A
values, in %o, relative to the stochastic distribution, after Young
et al. (2016). Here A'*CH;D and A'>CH,D, values of 0 represent
the stochastic distribution controlled by thermodynamic equilib-
rium which is reached at high temperatures (>727 °C/1000 K). The
positively-trending thermodynamic equilibration line (solid black
line), calculated by Young et al. (2016), represents the increased
association of heavy isotopes with one another as a function of
decreasing temperature at equilibrium. Samples from Kidd Creek
Level 2.4 km (black squares) and 2.9 km (red circles) are plotted.
The temporal variation in data from borehole 13,762 over 216 days
is highlighted by the open red circles. Original data taken from
Young et al. (2017) as indicated in Table 2. Laboratory culture
experiments (blue diamonds, open diamonds), abiogenic methane
formed via Sabatier reactions (yellow pentagons) and data from
Beatrix Mine (brown star) and Tau Tona (purple hexagon) from
Young et al. (2017) and Giunta et al. (2019) are plotted for context
(see text). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this
article.)

disequilibrium, and as noted such a lack of concordancy
makes the accuracy of temperatures obtained from
ABCH;D alone less reliable. In the one longitudinal study
afforded by these data, borehole 13,762 (2.9 km) shows a
positive shift in A>CH,D, values with time, from a starting
value of —6.3 to 5.2 over 216 days (Fig. 4). This represents,
to our knowledge, the first data set of field samples to
demonstrate temporal evolution on this scale in isotopo-
logue signals. This 11.5%0 positive shift in A">CH,D, is
associated with the previously mentioned small change in
313C (—=32.7%0 to —34.3%0), but with no discernible shift
in either 8D or A3 CH;D outside of error. In contrast,
methane sampled from 2.4 km of Kidd Creek indicates
A2CH,D, and ACH;D values closer to the thermody-
namic equilibrium line. These data at face value record an
apparent temperature ranges of 25-127 °C and 36-91 °C
using AP>*CH;3D and A'>CH,D, respectively. These temper-
atures are all above the predicted temperature range at this
level (27-33 °C) derived from regional geothermal gradients
(Slack 1974; Artemieva and Mooney 2001) and suggest that
a degree of disequilibrium is present within samples at this
level too, though to a much lesser extent than at 2.9 km.
This difference between the two levels principally is on the
A"’CH,D, scale with samples from 2.4 km representing
more positive values while A'>*CH;D values are relatively
consistent between both levels. Similar time evolution was
shown by Young et al. (2017), but based on a comparison
of time between sampling and opening of various bore-
holes, rather than specific resampling and monitoring of a
single borehole over time. In that study, increases in
A"2CH,D, were associated with positive shifts in 8D and
negative shifts 8'C as well.

5. DISCUSSION
5.1. Evidence for microbial methanogenesis

Both isotopic and microbial lines of evidence have
recently demonstrated the presence of microbial activity
in the Kidd Creek Mine fracture waters both in the geologic
past (Li et al., 2016); and in the present day (Lollar et al.,
2019). Specifically, Lollar et al. (2019) successfully con-
firmed the presence of sulfate reducing bacteria (SRBs) at
cell densities of 10°-10* cells/mL in these fluids, activity
which had previously been indirectly inferred based on sul-
fur isotope evidence (Li et al., 2016). For methane,
microbially-derived methane is typically identified by a
13C-depleted and D-enriched value relative to abiogenic
end-members coupled with a much higher C,/C, ratio
(e.g. Schoell, 1988; Ward et al., 2004; Sherwood Lollar
et al., 2006). The Kidd Creek Observatory provides one
of the world’s only opportunities to monitor changes in
temporal evolution of methane discharges in the deep ter-
restrial subsurface. As noted, in the previous 2002 study a
shift in the isotopic and compositional data, consistent with
addition of an estimated 10-25 % microbial methane, was
observed over a 19-month period in one of the boreholes
at 2.1 km (Sherwood Lollar et al., 2002). As shown in
Fig. 3 such a microbial addition can account for §'*C val-
ues for methane which are within error of 3'*C values for
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ethane, rather than the ‘saw tooth’ pattern for C;-C4
(methane-butane) which is typically associated with abio-
genic methane (e.g. Sherwood Lollar et al., 2002, 2008).
As ethane is considered to be principally produced through
abiogenic processes at Kidd Creek, this negative 8'>C shift
in the position of methane relative to ethane (Fig. 2) was
suggested to be indicative of microbial methane addition
post-borehole completion (Sherwood Lollar et al., 2002;
Sherwood Lollar et al., 2008).

The current study provides novel supporting evidence
for an increasing contribution of microbial methane in frac-
ture waters at Kidd Creek post borehole completion. Sam-
ples collected at 2.4 km depth are consistent with a
microbial component affecting the methane isotopic signal,
as suggested in Figs. 1-3 (Schoell, 1988; Sherwood Lollar
et al., 1993b, 2006; Ward et al., 2004). Alongside the con-
ventional isotope plots for methane, the 8'C of methane
(—39.9%o0) falls within error of ethane (—39.8%0) as shown
in Fig. 2. Whereas the 2002 study only identified one bore-
hole that showed such a shift over time, the 2.4 km level
data demonstrates a consistent, isotopic offset to values that
are more >C-depleted compared to the more abiogenic
end-members at 2.1 and 2.9 km. This is consistent with
the hypothesis that the initially abiogenic methane at
2.4 km has incorporated an additional microbial compo-
nent. Since 2.9 km and 2.1 km continue to preserve a prin-
cipally abiogenic signal which is geochemically distinct, it
follows that fluids sampled at these levels must be hydroge-
ologically isolated from one another, and that the proposed
microbial addition to fluids sampled at 2.4 km occurred
post-isolation. This observation is consistent with Warr
et al. (2018) who developed a conceptual model proposing
hydrogeologic isolation of fracture networks allowing
preservation of fluids of different provenances and ages at
different depths in deep crustal environments.

As emphasized by recent reviews there is no single diag-
nostic to decipher methane origin, and so multiple lines of
evidence, contextual geological evidence, and the likelihood
of mixing, must always be carefully evaluated (Etiope and
Sherwood Lollar, 2013 and references therein). It is possible
to explore the extent of microbial addition by calculating
mixing models using estimates of abiogenic and microbial
end-members plausible in these environments. For the pur-
pose of these models the abiogenic end-member was
selected by averaging the isotopic value for all samples from
2.9 km. For the microbial end-member, a theoretical 5'3C
value of —65%0 was selected (Figs. 1-3) based on typical
microbial methane (e.g. Whiticar, 1999; Etiope et al.,
2013) and on the typical range identified in previous litera-
ture for microbial methane in similar crystalline Shield set-
tings. Whether on the Canadian and Fennoscandian
Shields (Sherwood Lollar et al., 1993a; Kietdvdinen and
Purkamo, 2015 — and references therein; Telling et al.,
2018).; South Africa (Ward et al., 2004; Simkus et al.,
2016; Lau et al., 2016) the range of 8'*C values for micro-
bial methane is reported between —55 to —65%o (with C1/
C2 + ratios typically between 1000-2000), even where the
presence of methanogens has been confirmed by culture-
based and non-culture-based genomic investigations
(Ward et al, 2004; Lau et al. 2016; Simkus et al., 2016).

Only one site in Finland was a reported value more
depleted than —65%0 (Kivetty —75.5%0; Kietdviinen and
Purkamo, 2015).

Using such a plausible microbial methane 8'C value
(—65%o0), such a mixing line indeed passes through the
24 km data and defines a corresponding 3D value of
—320%o for a theoretical microbial end-member which is
also consistent with previously observed methane signa-
tures from other Precambrian rock-hosted environments
(e.g. Sherwood Lollar et al., 1993a; 2006; Ward et al.,
2004). From this hypothetical mixing line, a 22 % micro-
bial methane addition is theoretically required to generate
the 2.4 km isotopic values as highlighted in Fig. 1. Using
a more enriched or depleted §'*C value would increase or
decrease this microbial component proportionally. For
example other plausible microbial end-member 5'°C val-
ues of —70%o0 or —55%o into this model result in a micro-
bial contribution of 19 % and 32% respectively, not
substantially different from the estimate of 22%. When
the same approach is applied to the C;/C,4 ratios,
assuming an abiogenic 2.9 km average of 7.1 and a
microbial value of 1000 (to provide a conservative esti-
mate of microbially addition)) a good fit with the data
is also observed (Fig. 3). This independent mixing model
suggests addition of approximately the same amount of
microbial methane (23%) to account for the observed
data spread — increasing confidence in this interpretation.
This estimate is also in good agreement with previous
estimates of 10-25 % microbial methane addition calcu-
lated based on borehole 6070 at 2.1km depth
(Sherwood Lollar et al., 2002), suggesting that overall,
for this level of the observatory a predominantly abio-
genic methane is impacted by a significant, but smaller
component of microbially produced methane

There is a clear difference in A'>*CH;D and A'>’CH,D,
values between samples collected at 2.4 km and at 2.9 km,
again consistent with the hydrogeologic isolation of fluids
described in the conceptual model of Warr et al. (2018).
While samples from 2.9 km show significant '>*CH,D dise-
quilibrium (Fig. 4), samples collected from 2.4 km appear
to consistently plot closer to the equilibrium line. This
was previously identified by Young et al. (2017) and attrib-
uted to microbial reprocessing through reversibility during
methanogenesis and/or bond reordering during microbial
AOM. Reversibility by microbial methanogenesis was sim-
ilarly considered by both Wang et al. (2015) and Stolper
et al. (2015) as a potential mechanism for minimising
kinetic isotope effects and generating methane close to, or
at equilibrium in A'*CH;D space. This ‘reversibility’
hypothesis was principally considered to occur during the
process of microbially-driven methanogenesis and was sug-
gested to be greatest where the availability of substrate (e.g.
H,) was limited and associated production rates were low
(Wang et al., 2015; Stolper et al., 2015; Douglas et al.,
2016, 2017). The concept of microbial methane potentially
forming at thermal equilibrium was initially used as a
framework for interpreting natural samples from these
and related studies (e.g. Inagaki et al., 2015; Ijiri et al.,
2018) where biogenic methane from terrestrial and marine
environments yielded apparent A"?CH;D temperatures
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consistent with their expected formation conditions. How-
ever, the basis of this model is dependent on the reversible
nature of methane produced by methanogens; i.e. methano-
gens must also be able to efficiently oxidise methane (via
AOM) at comparable rates to methanogenesis in order to
produce and preserve methane at low-temperature equilib-
rium. A recent review by Timmers et al. (2017) highlighted
the following points: 1. Methanogens are only able to per-
form AOM where net methane production is positive, and
2. methanogens appear to only have a low rate of AOM rel-
ative to the methane being produced. This second point
draws from three studies all of which independently con-
firmed that methanogens oxidise relatively minor amounts
of methane compared to the total amount of methane being
produced (Harder, 1997; Moran et al., 2005, 2007). In other
words, the evidence for methanogens to effectively reorder
isotopologues of CHy to thermodynamic equilibrium distri-
butions is currently lacking or very limited. This is addition-
ally supported by methanogen cultures grown under
(laboratory) conditions, which have consistently failed to
produce methane close to, or at equilibrium for either
ACH;D or A'?’CH,D, and instead plot significantly below
the equilibrium line in both A'*CH3D and A'?CH,D, space
(Wang et al., 2015; Stolper et al., 2015; Douglas et al., 2016,
2017, Young et al., 2017; Gruen et al., 2018; Giunta et al.,
2019; Young, 2019). Indeed, similar lines of reasoning have
been used recently by both Giunta et al. (2019) and Ash
et al. (2019) to rule out methanogen-driven re-
equilibration in the Antrim Shale and in marine sediments
respectively in favour of AOM. Overall, axenic culture
experiments suggest that large deviations from equilibrium
are the norm for microbial methanogenesis. These observa-
tions have been verified in boreal lake environments
(Young, 2019). Nevertheless, it is worth noting that these
conclusions are based on laboratory cultures with relatively
high rates and substrate concentrations, and therefore may
not be directly analogous to the low energy environments of
the deep subsurface studied here. Consequently, while the
experimental evidence favours formation of microbial
methane with significant disequilibrium isotopologue signa-
tures, confirmation of the robustness of this conclusion as a
function of rates and substrate availability are required
before the possibility of ’near-equilibrium’ microbial
methane production can be ruled out. Nevertheless, based
on the current body of evidence from laboratory experi-
ments with methanogenic cultures, it is unlikely that micro-
bial methanogenesis could have produced the more
equilibrated, AYCH;D or A'?)CH,D, values for the samples
collected at 2.4 km. Therefore, an additional, subsequent,
process must have re-equilibrated the microbial/abiogenic
methane mixture at 2.4 km prior to initial sampling. This
is discussed in the next section.

5.2. Evidence for methanotrophy

Based on the current evidence from laboratory studies it
is unlikely that methanogens produce methane close to, or
at, thermodynamic equilibrium, due to associated strong
kinetic effects coupled with a low reprocessing ability

(Harder, 1997; Moran et al., 2005, 2007; Timmers et al.,
2017). Nor can the variation in clumped isotope space
between the samples from 2.9 km be due to mixing with
potential microbial methane end-members (Fig. 5). In
clumped space such abiotic-microbial mixing produces pre-
dominantly a horizontal shift to smaller A'*CH;D values
and cannot account for the changes in A>’CH,D, seen
within the 2.9 km samples. An additional mechanism is
required to account for the temporal variation in 2.9 sam-
ples and to have evolved a disequilibrated A'*CH;D and
A">CH,D, signal over time towards the low-temperature
apparent equilibrium values observed in samples from
24km (Fig. 5). One proposed mechanism for re-
equilibrating methane isotopologue signatures is
microbially-driven anaerobic oxidation of methane
(AOM) (Gruen et al., 2018; Ash et al.,, 2019; Giunta
et al., 2019; Young, 2019; Ono et al., 2021). For this form
of methanotrophy to be exergonic, methanotrophs require
external electron receptors to oxidise methane in the
absence of free oxygen. One such acceptor is sulfate
(SO37) within anoxic environments. Indeed, many studies
have identified the syntrophic nature of methanotrophs
and SRBs in anoxic marine sediments and deep crustal sys-
tems (e.g. Boetius et al., 2000; Orphan et al., 2001; Elvert
et al., 2003; Simkus et al., 2016; Lau et al., 2016). The resul-
tant energy which is released through this metabolic path-
way is low, with typical yields between —20 and
—40 kJ mol™!, close to the energetic limit for sustaining life
(Holler et al., 2011; Timmers et al., 2017 and references
therein) and resulting in long biomass doubling times
(Nauhaus et al., 2007; Kriiger et al., 2008). Such low energy
release suggests that the direct substrate-product reaction is
close to thermodynamic equilibrium which would therefore
typically be associated with a significant degree of
reversibility (Holler et al., 2011; Timmers et al., 2017).
Indeed, experiments by Holler et al. (2011) into methane
formed during enzymatic back reactions during methan-
otrophy indicate that there could be up to 5.5 % net back
flux during AOM. Where substrate availability is limited,
such as in low energy deep biosphere environments such
as Kidd Creek, the energy release is even smaller, reaction
rates are reduced and the enzymatic back-flux can reach
as high as 78 % of the net AOM (Yoshinaga et al., 2014;
Timmers et al., 2017). The near-equilibrium nature of this
reaction coupled with the high likelihood of methane
reforming (through reversible reactions) provides a viable
mechanism to re-order bonds to a point close to, or at ther-
modynamic isotopic equilibrium, or to create temporal evo-
lution away from very negative A'>’CH,D, values as the
effects of AOM proceed. Indeed, such a mechanism has
already been proposed for the Antrim Shale (Giunta
et al., 2019) and for marine sediments (Ash et al., 2019)
as well as in laboratory experiments (Young, 2019; Ono
et al., 2021) and in theoretical/conceptual models of micro-
bial methane cycling (e.g. Wang et al., 2016; Young et al.,
2017; Gruen et al., 2018). However, the ability for AOM
to promote bond reordering and result in isotopic equilib-
rium in doubly-substituted isotopologue space, especially
in natural settings, requires further investigation and
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Fig. 5. Demonstrates the effects of mixing between samples collected at 2.9 km (red circles) and possible microbial methane end-members
using the calculations of Young et al. (2016; 2017). For both mixing lines the A'>*CH;D and A'>CH,D, values (open diamond) are estimated
based on low-temperature (37 °C) hydrogenotrophic laboratory culturing experiments from Giunta et al. (2019). Mixing line A (red) uses a
hypothetical microbial end-member based on the values of 8'*C (—65%0) and 8D (—320%o0) discussed in the main text. Mixing line B (orange)
uses the A>*CH;D and A'>CH,D; values and 8'3C (—50.3%0) and 8D (—372.6%0) that correspond to the Giunta et al (2019) hydrogenotrophic
laboratory culture. Neither mixing scenario between abiotic and microbial methane can account for the temporal variation at the 2.9 km level
(red circles) nor the samples approaching quasi-equilibrium at 2.4 km, and a second process (AOM) is argued to account for that variation
(see text). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

remains an active area of current research (e.g. Ono et al.,
2021).

With respect to 8'*C and 8D, the effect of AOM on the
isotopic signatures in most environments is typically associ-
ated with isotopic enrichments of the heavy isotopes in the
residual methane (e.g. Whiticar, 1999; Seifert et al., 2006;
Holler et al., 2009). However, the effects of AOM on the
conventional 3'*C and 3D values observed for the bulk
methane pool are typically small and therefore can be noto-
riously challenging to identify outside of the laboratory (i.e.
within natural systems). This is especially the case where
sulfate concentrations are lower than 0.5 mM (Yoshinaga
et al. 2014), as they have been shown to be at Kidd Creek
(Li et al., 2016). This is further supported by the work of
Whiticar (1999) which identified that over 80 % of methane
needs to be consumed via AOM before a significant shift in
313C can be observed. Any associated isotopic shift in these
conventional parameters from AOM is likely minimal, con-
sistent with a high enzymatic back flux in a low energy envi-
ronment that facilitates high degrees of reprocessing from a
relatively low degree of methanotrophy. Similarly, expand-
ing the focus to consider the effects of AOM on dissolved
inorganic carbon (DIC) in this case is also equally not
straightforward. As the studies of Whiticar et al. (1986)
and Whiticar (1999) highlight, the relative carbon isotopic
fractionation associated with AOM in natural systems is
expected to be much smaller than that from microbial
methanogenesis via CO, reduction (by potentially an order
of magnitude or more). This, combined with the expected
low efficiency of AOM in converting methane into DIC
under these conditions, would make it difficult, if not
impossible to resolve any relatively small isotopic fraction-

ation in the DIC pool arising from AOM where even trace
methanogenesis has  occurred. Consequently, the
83 Cpic.cus 8Cpic.cha relationship is not a reliable indi-
cator for identifying the relatively subtle isotope effects of
AOM in a most systems, a contributing factor in the
historic difficulties in establishing the effects, indeed the
presence of AOM, from geochemical signals. Recent papers
have highlighted that these long-standing challenges in
identifying the effects of AOM in the environment using
conventional approaches as one of the particular advan-
tages provided by clumped isotopologue techniques
(Gruen et al., 2018; Ash et al., 2019; Giunta et al., 2019;
Young, 2019; Thiagarajan et al., 2020b).

To date there is no geochemical or genomic evidence to
evaluate the role of anaerobic methanotrophs at Kidd
Creek Mine. Such data are available however for several
of the other sites shown in Fig. 1. Specifically, methan-
otrophs (ANMESs) have been positively identified through
metagenomic studies at both Beatrix and Tau Tona mines
in work by this group in the deep gold mines of South
Africa (Simkus et al., 2016; Lau et al., 2016; Magnabosco
et al., 2018b). Notably the A'*CH;D and A'>CH,D, data
from these locations (Fig. 4) plot close to the low-
temperature equilibrium values observed at 2.4 km of Kidd
Creek. Such evidence provides additional contextual sup-
port for establishing a link between methanotrophy and
bond-reordering in methane isotopologue space. Recent
MPN results documenting the presence of SRBs in the frac-
ture fluids at 2.4 km (Lollar et al., 2019) do provide some
contextual evidence for the probability of AOM occurring
at Kidd Creek as the syntrophic nature of SRBs and
methanotrophs is well-documented in both Fennoscandian
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and South African Shields subsurface microbial communi-
ties (e.g. Bomberg et al., 2015; Simkus et al., 2016; Lau
et al., 2016). Based on these lines of evidence, the near-
thermodynamic equilibrium ABCH;D and A'?’CH,D,
observed at 2.4 km and over time for borehole 13,762 from
2.9 km may be driven by methanotroph-driven AOM. It is
significant that in Figs. 1-3 the bulk conventional parame-
ters are consistent with the samples from 2.4 km being con-
sistent with mixing of up to 22% microbial methane, but the
relationship between 2.9 km samples and 2.4 km samples in
clumped space does not reflect that mixing. For the 2.4 km
samples re-equilibration due to AOM may indeed have
gone to quasi-completion. For this low-temperature ther-
modynamic equilibrium in isotopologue space to be
approached, rates of AOM-driven bond-reordering would
need to be significantly greater than microbial
methanogenesis.

5.3. Temporal constraints

Based on the preceding sections, both abiogenic and
microbial methanogenesis, in conjunction with anaerobic
microbial methanotrophy have been inferred at Kidd
Creek. From the isotopic signatures and temporal changes
these processes can be broadly placed in chronological con-
text. These are listed in order below.

1. Abiogenic methane is produced: Consistent with pre-
vious studies abiogenic methanogenesis remains the domi-
nant methane type within Kidd Creek Mine (accounting
for between 77-100% of the methane pool) throughout all
levels. Given the high concentrations of methane
(Sherwood Lollar et al., 2002; Sherwood Lollar et al.,
2008) and the expected slow abiogenic production rates,
especially at the consistent low temperatures anticipated
at Kidd Creek (Li et al., 2016 and references therein), this
process is expected to have taken place at low rates over sig-
nificant geological time. Accumulation of significant vol-
umes of abiogenic methane is consistent with the
extended (Ga) mean residence times of the fluids identified
at this location (Holland et al. 2013; Warr et al. 2018). Due
to regional metamorphic activity which lasted until 2.6 Ga
(Davis et al., 1994; Bleeker and Parrish, 1996; Li et al.,
2016), only methane which formed after this date is
expected to have been preserved. This gradual process, dri-
ven by water-rock interaction, is likely ongoing and
actively producing methane at low rates in situ (Sherwood
Lollar et al., 2014).

2. Microbial addition of methane: This study has also
identified a modest (~22-23 %) microbial methane compo-
nent present in fluids sampled at 2.4 km based on a micro-
bial end-member mixing model. A microbial component
had been previously suggested at 2.1 km in a study by
Sherwood Lollar et al. (2002). This addition of microbial
methane principally only affected fluids residing at 2.4 km
(and the 6000-series subset from 2.1 km) while fracture net-
work fluids at 2.1 and 2.9 km preserve a dominantly abio-
genic signal). Accordingly, microbial methane addition
can only have occurred after the fracture network(s) sam-
pled at 2.4 km were hydrogeologically isolated from those
above and below. This hydrogeologic isolation from at least

fluids at 2.9 km was previously confirmed by Warr et al.
(2018) using noble gas isotopes.

3. Anaerobic methanotrophy resulting in bond-
reordering and re-equilibration of isotopologue signatures:
This process accounts for the temporal variation in the time
series samples from 2.9 km. It cannot be ruled out that even
the most A">’CH,D, depleted sample from 2.9 km had
already been altered by bond-reordering which could
account for its position higher than abiotic methane pro-
duced in the limited number of Sabatier laboratory experi-
ments to date. Isolated fluids at 2.4km containing a
mixture of abiogenic and microbial methane were also sub-
sequently affected by methanotrophic AOM which ‘over-
printed’ the disequilibrated A'*CH;D and A'>CH,D, and
produced values approaching low temperature equilibrium.
This step suggests that AOM-driven bond reordering was
the dominant process affecting methane (i.e. methanotro-
phy occurring at a significantly greater rate than microbial
methanogenesis).

4. A final set of observations suggests the effects of ongo-
ing low-level microbial activity. Fig. 6A and B show, since
the onset of sampling, trends in mass-18 isotopologue space
as all three boreholes at 2.4 km show a shift to smaller
ACH;D and A'>CH,D, values over time. To test whether
these post-sampling shifts could be due to increased activity
of methanogens in the boreholes fluids a mixing model was
developed (Figure B2) using both the microbial methane
from the laboratory culture of Giunta et al. (2019) dis-
cussed earlier, as well as additional microbial methane cul-
tures published by Gruen et al. (2018). Either microbial
methane end-member mixing with the 2.4 km methane as
originally sampled, could account for the shifts in
ACH;D and A>CH,D, values over time. Despite these
changes in isotopologue space, the bulk 5'C and 8D values
show no trends within uncertainty (Figure B1). The data
suggest the more sensitive isotopologues are providing
information about on-going processes in the boreholes
post-sampling. Determination of the abundance and nature
of the subsurface anaerobic microbial communities, and
their effect on the geochemistry, are in the process of being
investigated by research teams globally, focussing on the
Canadian Shield (Li et al., 2016; Telling et al., 2018;
Lollar et al., 2019), the South African Craton (Lin et al.,
2006; Magnabosco et al., 2016; Lau et al., 2016) and the
Fennoscandian Shield (Pedersen, 2012; Purkamo et al.,
2016; Kietdviinen et al., 2017). From these, and ongoing
genomic studies it is expected that rates and mechanisms
of microbial methanogenesis and ANME-driven AOM will
be better constrained and add additional constraints on this
matter.

6. CONCLUSIONS AND FUTURE WORK

Through a combined compositional, isotopic, and iso-
topologue approach this study provides evidence for micro-
biological activity including microbial methanogenesis and
anaerobic methane oxidation in the fracture fluids and
associated dissolved gases Kidd Creek Observatory more
than 2 km below surface (Sherwood Lollar et al., 2002; Li
et al., 2016; Young et al., 2017; Lollar et al., 2019). The
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Fig. 6. (A and B) The A'*CH;D (A) and A'2CH,D, (B) isotopologue signal for the three boreholes at 2.4 km sampled as a function of time
after initial sampling. Both isotopologues indicate a recent shift outside of error during the monitoring period which suggests an increase in
microbially derived methane within the fluids has occurred during sampling at this level. See Appendix B for additional discussion.

genomic and metagenomic details of microbial organisms
and communities here have yet to be fully characterised
but the identification of relevant processes via the geochem-
ical and isotopic techniques in this study provide insights
into the relative rates and timings of microbiological pro-
cesses occurring at Kidd Creek and on the relative contri-
butions of abiotic and microbial processes to the deep
methane cycle at the site. The findings have broad implica-
tions for our understanding of the deep subsurface bio-
sphere, the diversity of microbial organisms in the
subsurface and the relative contributions of abiotic organic
synthesis and biological sources of methane in a deep Earth
analog environment relevant to the discoveries of methane
in the Mars atmosphere recently confirmed by the Curiosity
Rover.
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