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Abstract

Methane is a potent greenhouse gas, and there are concerns that its natural emissions
from the Arctic could act as a substantial positive feedback to anthropogenic global
warming. Determining the sources of methane emissions and the biogeochemical
processes controlling them is important for understanding present and future Arctic
contributions to atmospheric methane budgets. Here we apply measurements of
multiply-substituted isotopologues, or clumped isotopes, of methane as a new tool to
identify the origins of ebullitive fluxes in Alaska, Sweden and the Arctic Ocean. When
methane forms in isotopic equilibrium, clumped isotope measurements indicate the
formation temperature. In some microbial methane, however, non-equilibrium isotope
effects, probably related to the kinetics of methanogenesis, lead to low clumped isotope
values. We identify four categories of emissions in the studied samples: thermogenic
methane, deep subsurface or marine microbial methane formed in isotopic equilibrium,
freshwater microbial methane with non-equilibrium clumped isotope values, and
mixtures of deep and shallow methane (i.e., combinations of the first three end
members). Mixing between deep and shallow methane sources produces a non-linear
variation in clumped isotope values with mixing proportion that provides new constraints
for the formation environment of the mixing end-members. Analyses of microbial
methane emitted from lakes, as well as a methanol-consuming methanogen pure
culture, support the hypothesis that non-equilibrium clumped isotope values are
controlled, in part, by kinetic isotope effects induced during enzymatic reactions involved
in methanogenesis. Our results indicate that these kinetic isotope effects vary widely in
microbial methane produced in Arctic lake sediments, with non-equilibrium A, values

spanning a range of more than 5%eo.
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1. Introduction

Methane (CH.) is a critical atmospheric greenhouse gas, with 28 times (on a molar
basis) the global warming potential of CO.on a 100-year timescale (Myhre et al., 2013).
Due to its importance to the climate state of the Earth, the sources of methane to the
atmosphere and how they might respond to future climate change are of key concern.
One region where natural (i.e., non-anthropogenic) methane emissions are of interest
and concern is the Arctic, which has been predicted to experience pronounced warming
in the future (Holland and Bitz, 2003, Comiso and Hall, 2014). Methane emissions from
Arctic environments have been predicted to increase under a warmer climate
(Christensen et al., 2004, Walter et al., 2006, O’Connor et al., 2010, Walter Anthony et
al., 2012, Thornton et al., 2015, Wik et al., 2016), thus acting as a positive feedback to
global warming (Anisimov, 2007, Schuur et al., 2008, Schuur et al., 2015, Isaksen et al.
2011, Koven et al., 2011).

Microbial methanogenesis in wetland and lake sediments is thought to be the dominant
source of natural methane emissions originating in the Arctic, contributing up to 90% of
emissions during the boreal summer (Eisher et al., 2011). Consequently, this source has
been the primary focus of studies of Arctic methane emissions (Walter et al.

2006, Schuur et al., 2008, Fisher et al., 2011, Isaksen et al., 2011). However, recent
studies have identified two additional and potentially important sources of natural Arctic
methane emissions. First, analyses of the isotopic and molecular composition of gases
from ebullitive seeps in Alaskan lakes have suggested that many of these seeps emit
methane from thermogenic or deep subsurface microbial sources. Such gases are
thought to be transported to the surface by faults, and stored in shallow reservoirs
underlying permafrost and glaciers (Walter Anthony et al., 2012). The emission of
methane from these deep sources could be enhanced as permafrost thaws and glaciers
melt, which could increase the number of conduits from subsurface reservoirs to the
atmosphere (Formolo et al., 2008, Walter Anthony et al., 2012).

Second, methane ebullition has been observed in several locations on the continental
shelf and slope of the Arctic Ocean (Paull et al., 2007, Westbrook et al.,

2009, Shakhova et al., 2010). The sources of these bubbles may be from either the
dissociation of gas hydrates or the thawing of permafrost inundated by sea level

rise following the last deglaciation (Paull et al., 2007, Westbrook et al., 2009, Portnov et
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al., 2013, Frederick and Buffett, 2014). Methane emitted from the Arctic Ocean shelf
may not have a significant influence on atmospheric budgets, given evidence for its
efficient oxidation in sediments and the water column (Graves et al., 2015, Overduin et
al., 2015). Nevertheless, the source and distribution of methane emissions from the
Arctic Ocean remain poorly constrained (Kort et al., 2012, Schuur et al., 2015), making
it difficult to quantitatively evaluate the importance of these sources to the atmospheric
methane budget.

Carbon and hydrogen stable isotope measurements are an important tool for
fingerprinting different sources of methane (Schoell, 1980, Whiticar et al.,

1986, Whiticar, 1999). For example, thermogenic methane typically contains

greater *C/>C and D/H ratios relative to microbial methane (Schoell, 1980). Additionally,
stable isotope measurements can in some cases differentiate between pathways of
microbial methanogenesis (Whiticar et al., 1986, Krzycki et al., 1987, Hornibrook et al.,
1997, Hornibrook et al., 2000, Whiticar, 1999, Conrad et al., 2002, Kriger et al.,

2002, Walter et al., 2008, Brosius et al., 2012). In particular, hydrogenotrophic
methanogenesis (i.e., methanogens that reduce CO, with H,) is thought to produce
methane with lower =C/>C and higher D/H relative to fermentative methanogenesis (i.e.
methanogens that metabolize acetate or other methylated compounds) (Whiticar et al.,
1986, Whiticar, 1999). However, ambiguities in the isotopic composition of methane can
preclude accurate source assignment (Martini et al., 1996, Prinzhofer and Pernaton,
1997, Waldron et al., 1998, Waldron et al., 1999, Valentine et al., 2004, Conrad, 2005).
For example, microbial methanogenesis in some environments can produce stable
isotope compositions resembling thermogenic methane (Martini et al., 1996, Valentine
et al., 2004). Additionally, multiple factors in addition to methanogenic pathway can
substantially influence the stable isotope composition of microbial methane, including
substrate isotopic composition, substrate limitation, the kinetics of methane production,
transport, and oxidation (Sugimoto and Wada, 1995, Waldron et al., 1998, Waldron et
al., 1999, Whiticar, 1999, Valentine et al., 2004, Conrad, 2005, Penning et al., 2005).
These multiple influences on methane stable isotope values can complicate inferences
regarding the pathway of methanogenesis in natural samples (Conrad, 2005).
Recently the analysis of multiply-substituted isotopologues, or ‘clumped isotopes’, has
emerged as an additional isotopic constraint on the sources of methane (Tsuji et al.,

2012, Ono et al., 2014, Stolper et al., 2014a, Stolper et al., 2014b, Inagaki et al.,

2015, Stolper et al., 2015, Wang et al., 2015). Clumped-isotope geochemistry refers to
the analysis of the abundances of molecules containing multiple rare, heavy isotopes

(e.g. #*CH.D and *CH,D.). Clumped isotope analyses are of interest in part because the
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proportions of clumped isotope species in equilibrated systems are solely a function of
temperature-dependent homogeneous phase equilibria (Urey and Rittenberg,

1933, Wang et al., 2004) and can be used to determine formation or re-equilibration
temperatures of a molecule using only a single phase, as opposed to multiple phases
as is typical in stable-isotope-based geothermometry(Eiler and Schauble, 2004, Ghosh
et al., 2006, Stolper et al., 2014a, Stolper et al., 2014b). See Eiler, 2007, Eiler,

2011, Eiler, 2013, and references therein for detailed reviews of clumped-isotope
geochemistry.

The first accurate and precise clumped isotope measurements of methane were

achieved on a prototype high-resolution isotope ratio mass spectrometer—the Thermo
Fisher IRMS 253 Ultra (hereafter the ‘Ultra’) (Eiler et al., 2013). Most measurements of
methane clumped isotopes performed with the Ultra report variations in the sum

of ®CH,D and *CH.D,, as measured by the quantity A, (Stolper et al., 2014a). A,

«ues FEPresent the relative deviation in a sample from the amount of mass-18 methane

predicted for a random distributionof isotopes among all isotopologues of the sample
(for more details see Section 2.5). A,; values primarily reflect the anomaly in *CH:D,
which makes up ~98% of the mass-18 isotopologues in naturally-occurring methane
(Stolper et al., 2014a). In systems that are in internal isotopic equilibrium, the A value
is a unique function of the sample’s formation or re-equilibration temperature (Stolper et
al., 2014a, Stolper et al., 2014b), and is particularly useful in differentiating high
temperature thermogenic from low temperature microbial methane (e.g. Stolper et al.,
2015).

Mixing of gases that differ in their conventional isotopic composition (i.e., *C/2C and

D/H) can produce non-linear variations in clumped isotope indices (including A.) (Fig. 1)
(Eiler and Schauble, 2004, Eiler, 2007). Such mixing effects have been studied for CO,,
0., and CH, and have contributed to the understanding of gas mixing in natural samples

(Affek and Eiler, 2006, Yeung et al., 2012, Stolper et al., 2014b, Stolper et al., 2015). In
poorly constrained cases these mixing effects can complicate clear interpretation of

clumped isotope signals, and could be misinterpreted as incorrect formation
temperatures. When clumped isotope data are combined with other isotopic or gas
composition data, however, this phenomenon becomes a potentially powerful tool to
recognize mixing and constrain the properties and relative proportions of end members
in mixed gases.
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Fig. 1. Hypothetical examples of non-linear mixing effects for A, values. Plots show
mixing relationships in 6=C-A, space (A) and dD-A, space (B) for mixtures

of methane with varying end-member compositions. In these examples the end-member
A, values remain fixed at 3%o. and 6%o, but the 6=C and 3D values of the isotopically light
end-member varies. End-member 6=C and &D values are denoted on the plots. For
mixtures where &=C and oD values are relatively similar, mixing in A, is approximately
linear (solid line); as the 6=C and &D values of the mixing end-members become
increasingly widely spaced the non-linearity of mixing in A, becomes more pronounced

(dashed lines).

In some situations, clumped-isotope values of CO., carbonate minerals, O,, and
CH., have been shown to deviate from their thermodynamically predicted equilibrium
value in materials where the formation temperature is known or well-constrained (Ghosh

et al., 2006, Affek et al., 2007, Affek et al.

2008, Kluge and Affek, 2012, Saenger et al.,

2012, Stolper et al., 2014b, Stolper et al., 2015, Wang et al., 2015, Yeung et al., 2015).
These non-equilibrium clumped isotope values are generally thought to be related to

kinetic isotope effects (Kluge and Affek, 2012, Affek and Zaarur, 2014, Stolper et al.,
2015, Wang et al., 2015, Yeung et al., 2015), and preclude, or at least complicate, the
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accurate identification of sample formation temperatures. At the same time, non-
equilibrium clumped isotope signatures have the potential to provide valuable new
information about chemical kinetics and biochemical reaction pathways (Passey,

2015, Stolper et al., 2015, Wang et al., 2015, Yeung et al., 2015).
This paper provides a focused application of clumped isotope analyses to understand

the origin of methane emitted from natural point sources in the Arctic, with a focus on
methane bubble fluxes from lakes in Alaska and Sweden and from the Beaufort Sea in
the Arctic Ocean. In addition to providing new insights into the methane budgets of
these locations, this study provides an example of how methane clumped-isotope
analyses can be used to understand and quantify the sources of methane emissions in
natural environments. We focus on two key applications of clumped isotopes. First, we
apply this technigue to differentiate the contributions of microbial and thermogenic
methane to ebullitive methane fluxes. Second, we explore the factors controlling the
clumped-isotope values of microbial methane emitted in Arctic environments. We also
present an analysis of methane produced by a methanogen pure culture consuming

a methanol substrate, which provides insights into the clumped isotope signature of
fermentative pathways of methanogenesis.

2. Methods
2.1. Study sites

We analyzed a total of 26 samples from 12 lakes and 3 marine localities (Table 1, Fig._
2). Samples were chosen to include a diverse set of Arctic environments with
differences in methaneflux and conventional stable isotope geochemistry. In particular,
we selected some samples that were likely to contain thermogenic methane, as
indicated by conventional stable isotope, radiocarbon, and gas_

composition measurements (Walter Anthony et al., 2012).
Table 1. Sample location, [C.])/[C.], CH. flux, and CO, and H.O isotope data.

Sample Region Latitude Longitude [C.J/[C.]? CH(flux* 1c¢ §&°C Estimated 1o
(°N) (°E) CO,(%0, H,0 6D
VPDB) (%o,
VSMOW)

Cake Eater North 71.28 -156.64 nd 0.017¢ -23.39 -135t 16

Slope
Sukok North 71.07 -156.82 655 39.48¢ -27.35 n/a

Slope
Lake Q North 70.38 -157.35 nd 93400¢ -37.76  n/a

Slope
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Sample Region Latitude Longitude [C.J/[C.]? CH(flux* 1¢ §6°C Estimated 1o

CN) (B CO,(%., H.O 8D
VPDB) (%o,
VSMOW)

Harrsjon
Trap 24
Villasjon Stordalen 68.35 19.05 na 29.8¢ n/a =700 1
Trap 34
Villasjén Stordalen 68.35 19.05 na 3.77¢ n/a =700 1
Trap
31,34,35
Villasjon Stordalen 68.35 19.05 na 41.41¢ n/a =700 1
Trap 31

a

nd: ethane not detected; na: ethane concentration not analyzed.
b
Flux estimates for Alaskan samples are in units of L trap day; for the Stordalen samples they
are in units of L m= day.
c

Flux estimate specific to gas analyzed.

d

Flux measured from the same seep on a different day than gas sampling.

e
Based on average gas flux for seep class (Hotspot, Tiny, and A-type; Walter Anthony and
Anthony, 2013, Lindgren et al., 2016).

f

Average flux measured between August and October 2011.

g
Trap specific average flux over six years of measurements.

h
Estimate based on texture ice dD value in the vicinity of the lake (Meyer et al., 2010). Texture ice
is inferred as a likely source of methane formation water given Holocene “C age of texture-ice
organics and the methane sample (Table 2).
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Estimate based on Pleistocene ice wedge 8D values (Brosius et al., 2012). Pleistocene ice

wedges are inferred as a likely source of methane formation water given the Pleistocene age of
this methane sample (Table 2).

j
Estimate is an average of Pleistocene ice wedge and Holocene ground ice 8D values (Brosius et

al., 2012). The location of these seeps suggests that pore waters include input of thawed ice from
both sources.
k

Estimate based on Holocene ground ice 6D values (Brosius et al., 2012). Holocene ice wedges

are inferred as a likely source of methane formation water given the Holocene age of these
methane samples (Table 2).

I
Estimate based on average oD of pore water samples in the vicinity of methane sampled from

vents and sediments (Paull et al., 2011).

m
Estimate based on average dD of pore water samples in the vicinity of the sampled gas vent
(Paull et al., 2015).

n
Estimate based on average dD of water samples from Mellersta Harrsjon (n = 10).
0

Estimate based on average 8D of water samples from Villasjon (n = 15).
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B North Slope Alaska @ Beaufort Sea
A Fairbanks Alaska W Stordalen Sweden

@ Southeast Alaska

1. Download high-res image (473KB)

2. Download full-size image
Fig. 2. Map of the Arctic showing the location of the studied methanesamples (the base
map is an open access file from Wikimedia).

We analyzed ebullitive gas samples from three lakes on the North Slope of Alaska (Lake
Sukok, Lake Q, and Cake Eater Lake; Table 1, Fig. 2), a region with a large number of
shallow thermokarst lakes (lakes formed by the thaw of ice-rich permafrost). This region
contains active oil and gas production, and is also underlain by shallow coal

seams (Walter Anthony et al., 2012).
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We analyzed a total of six ebullitive gas samples from four lakes in the vicinity of
Fairbanks, AK (Goldstream Lake, Killarney Lake, Smith Lake, and Doughnut

Lake; Table 1, Fig. 2). All of these lakes were formed by thermokarst erosion, and one of
them (Goldstream Lake) is actively eroding yedoma-type permafrost, a variety

of loess permafrost that is rich in organic carbon (Walter et al., 2006, Brosius et al.
2012).

We analyzed five ebullitive gas samples from southeast Alaska (Table 1, Fig. 2),
including three samples from Eyak Lake, a shallow coastal lake next to Cordova, AK.
One sample is from Prince William Sound (PWS), in close vicinity to Eyak Lake, and
one sample is from a stream in the vicinity of Katalla, AK, about 80 km to the east of
Eyak Lake.

We analyzed nine ebullitive gas samples from three intensively studied, post-

glacial lakes (Inre Harrsjon, Mellersta Harrsjon, and Villasjon), within the

Stordalen Mire complex, a Subarctic peatland underlain by sporadic permafrost in
northern Sweden (Table 1, Fig. 2) (Wik et al., 2013).

Finally, we analyzed three samples from the continental shelfand slope of the Beaufort

Sea in the Arctic Ocean (Table 1, Fig. 2). Two samples were collected from an elevated
topographic feature at a water depth of 420 m (Paull et al., 2015). One of these samples
was collected from gas bubbles emitted from an active gas vent, and the other from

a gas expansion void in a sediment core collected adjacent to the vent. One sample

was collected from gas bubbles emitted from an elevated topographic feature at a water
depth of 38 m on the continental shelf (Paull et al., 2011).

2.2. Sample collection

Ebullitive gas samples from Alaskan lakes were collected from submerged, umbrella-
style gas bubble traps, following methods described by Walter et al. (2008), between
2009 and 2013. As discussed in Appendix 1, repeat isotopic analyses of these samples
did not indicate analytical artifacts related to their storage. Bubble traps were fixed in
place over discrete points of concentrated gas bubbling. Gas bubble samples from the
Stordalen lakes were collected using submerged inverted funnels, as described by Wik
et al. (2013), in June and July of 2014. These traps were part of a stratified sampling
scheme but were not fixed over previously identified points of gas, as no sites of
continuous, coherent bubbling were identified in the Stordalen lakes. All lake ebullitive
gas samples were transferred to glass serum vials and sealed with crimped butyl rubber
stoppers.
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The ebullitive gas sample from the Beaufort shelf vent (38 m water depth) was collected
by a Phantom S2 remotely operated vehicle (ROV) using a gas collection funnel and
sampling system in 2010, as described in Paull et al. (2011). This gas sample was
transferred underwater to a glass serum vial sealed with a butyl stopper. The gas bubble
sample from the Beaufort slope vent (420 m water depth) was collected by the
Monterey Bay Aquarium Research Institute (MBARI) miniROV using a gas collection
funnel and sampling system in 2012, as described in Paull et al. (2015). This gas
sample was transferred underwater to a stainless steel cylinder. The Beaufort slope
sediment gas sample was collected by sampling a gas expansion void within a gravity
core collected at 400 m water depth in 2012 (Paull et al., 2015). Gas was sampled
through the core lining using a gas-tight syringe, and was stored in a glass serum bottle
sealed with a butyl stopper.

2.3. Culture preparation

A pure culture of Methanosarcina acetivorans (Sowers et al., 1984; Strain DSM 2834;
DSMZ GmbH) was grown on a carbon substrate of methanol in a 1 L glass serum
bottle. It was grown under a headspace of N, gas, at a pressure of 150 kPa, in sterile
media (~350 mL) containing (g/L): NaCl (23.4), MgSO.-7 H,O (9.44), NaHCO; (5.0), KCI
(0.8), NH.CI (1.0), Na,HPO.(0.6), CaCl,-2 H.O (0.14), cysteine-HCI (0.25), with the
addition of 10 mL DSM 141 Trace Element solution and 10 mL of DSM 141 Vitamin
solution, 5 mL 99.9% MeOH, and 2.5 mL of a 50 mM H.S- solution. The culture bottle
was kept in an incubator at 28 °C and shaken at 35 revolutions per min. Two aliquots of

the headspace gas were sampled after 20 days of growth for methane purification and
analysis.

Filter-sterilized media water was sampled at the same time as methane, and the 6D
value was measured using a spectroscopic DLT-100 Liquid-Water Isotope Analyzer (Los
Gatos Research Inc.), with a precision of ~<1%. (Feakins and Sessions, 2010). The
0=C of methanol from the same supply as the culture media was measured by
combusting an aliquot in a sealed tubed with cupric oxide at 800 °C, and then
measuring the 6C value of the resulting CO, using Finnigan 252 isotope ratio mass_

spectrometer. We also derivatized a disodium phthalate standard with a known dD
value (-95.3 + 1.2%o; from A. Schimmelmann, University of Indiana) using methanol
from the same supply as the culture media, and using acetyl chloride as the derivatizing
agent. We then analyzed the &D value of the resulting phthalic acid methyl ester using a
ThermoFinnigan Trace gas chromatograph coupled to a Delta*=XP isotope ratio mass
spectrometer via a pyrolysis interface (Jones et al., 2008), with a typical precision of
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~<5%o. We calculated the dD value of the methanol methyl-group hydrogen by mass
balance.

2.4. Methane purification

Methane (CH.) was purified from mixed gas samples using the methods described
previously by Stolper et al., 2014a, Stolper et al., 2014b. For all analyses we sampled
enough gas to obtain approximately 50 pmol of CH.. Gases were sampled from sealed
glass vials and the culture serum bottle using a 5 ml gas tight syringe (Hamilton). The
gas from the steel cylinder was sampled by connecting the cylinder to the vacuum line
as described in Stolper et al. (2014a) with a Swagelok™ fitting. Gas samples were first
exposed to liquid nitrogen to trap H.O, CO,, and H.S. The gases in the headspace
(including CH., O,, and N,) were then exposed and transferred to a 20 K cold trap,
cooled using a helium cryostat (Janis Research). At this point residual gases, including
He and H., were pumped away. The cold trap was then sealed, heated to 80 K, cooled

to 45 K, and opened to vacuum to remove N, and O.,. This step was repeated until
<2.67 Pa of gas remained in the cold trap at 45 K, corresponding to a purity of CH, of
~99.8% (Stolper et al., 2014b). The cryostat was then heated to 70 K, and CH, was
transferred to a Pyrex™ breakseal containing molecular sieve (EM Science; type 5A)

immersed in liquid N.. Prior to introduction to the mass spectrometer dual inlet, samples
were heated with either a heat gun or a heated copper block set to ~150 °C for 2-3 h to
ensure minimal isotopic fractionation when transferring CH, from the molecular sieves

(Stolper et al., 2014a).

2.5. Methane stable isotope measurements

Methane 8D, 6=C, and A,; were measured using the Ultra, as described in detail

by Stolper et al. (2014a). 8D and 6=C values are expressed using delta notation relative
to Vienna Standard Mean Ocean Water (VSMOW) and Vienna Pee

Dee Belemnite (VPDB), respectively:

(1)dD=2Rsample-2RVSMOW2RVSMOW

(2)013C=13Rsample-13RVPDB13RVPDB

where ?R and “R are the ratios D/H and =C/*C respectively. dD and 6=C data are
expressed as per mil (%o) values (Coplen, 2011).

Clumped isotope compositions are expressed using A;notation (Stolper et al., 2014a):
(3)A18=(18R/18R*-1)

where

(4)18R=([13CH3D]+[12CH2D2])/[12CH4]
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The specified isotope ratios are measured from the corresponding ion beam_

current ratios, standardized by comparison with a standard of known composition. *R* is
the R value expected for a random internal distribution of isotopologues, given the 6=C
and oD values of the sample (Stolper et al., 2014a), and is expressed as:
(5)18R*x=6x[2R]2+4x2Rx13R

The factors (‘6’ and ‘4’) in Eq. (5) derive from the symmetry numbers of the mass 18
methane isotopologues (Stolper et al., 2014a). A,; data are reported as per mil (%o),
where 0%o refers to a random distribution of methane isotopologues (i.e., *R = *R*). All
samples are referenced against a laboratory standard with a A value of

2.981 * 0.015%0, as described by Stolper et al. (2014a). A, values can be related to
equivalent formation temperature (K), assuming formation in internal isotopic
equilibrium, via the equation (Stolper et al., 2014a):
(6)A18=-0.0117106T2+0.708106T2-0.337

Because the A.—T relationship is not linear, the error for inferred temperatures are not
symmetric. 20 errors for inferred temperatures reported in Table 2 are the average of
the upper and lower errors. For the samples for which the inferred temperatures are
relevant in this study (i.e. samples inferred to have formed in internal isotopic
equilibrium), the difference between upper and lower errors are at most 4 °C, and this
asymmetry does not affect our interpretations.

Table 2. Methane isotope data.

Sample n 8D (%o, 2 §4C 2 As(%o0): 2 Inferred 2  A“C
VSMOW) SE (%o, SE SE temperature SE: (%o)
VPDB) (cCy
Cake Eater 2 -3714 0.22 -64.00 0.01 -0.4 0.45 n/a -394.3
Sukok 1 -193.1 0.20 -46.31 0.01 4.1 0.46 102 23 -997.6
Lake Q 1 -238.3 0.24 -59.31 0.01 6.8 0.50 9 14 -1000
Killarney 2 -3125 0.66 -88.76 0.01 9.6 0.66 -61 15 -907.7
Goldstream- 2 -383.1 0.26 -77.59 0.26 2.0 0.70 268 91 -971.2
Hotspot
Goldstream- 1 -369.3 0.24 -64.34 0.01 1.1 0.44 412 130 nd
Tiny
Goldstream-A 1 -332.8 0.24 -61.89 0.01 0.2 0.46 905 n/a -314.9
Doughnut 1 -3024 0.24 -55.50 0.01 6.0 0.48 29 16 -984.1
Smith-Hotspot 1 —362.2 0.24 -62.73 0.01 0.7 0.50 549 246 -265.3
Eyak-1 2 -172.4 0.34 -46.81 0.08 6.2 0.48 24 14 -851.0

Eyak-2 2 -203.5 0.26 -60.74 0.02 9.1 0.80 —47 19 nd
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Sample n 8D (%o, 2 §:=C 2 Aw(%0): 2 Inferred 2 A“C

VSMOW) SE (%o, SE SE temperature SE: (%o)
VPDB) (°C):

Eyak-3 2 2426 0.24 -73.83 0.01 84 0.50 -31 12 -3844
Prince William 2 -151.0 0.24 -34.34 0.08 4.8 0.50 73 20 nd
Sound
Katalla 1 -171.0 0.22 -40.80 0.01 6.1 0.48 27 15 -987.1
ROV 38 m 2 -228.6 1.30 -83.02 0.04 6.9 043 5 11 -997.0
Core 400 m 1 -212.1 0.24 -65.32 0.01 7.1 044 0 11 nd
ROV 420 m 2 -210.3 0.24 -65.21 0.12 6.9 0.46 5 12 -995.0
Inre Harrsjon 1 -310.3 0.22 -68.04 0.01 2.8 0.43 187 35 nd
Trap 10
Inre Harrsj6n 1 -285.9 0.23 -77.61 0.01 54 0.49 50 17 nd
Trap 4
Inre Harrsjon 1 -311.6 0.25 -68.28 0.01 1.9 0.49 271 65 nd
Trap 6
Mellersta 1 -288.1 0.21 -71.03 0.01 44 0.44 90 20 nd
Harrsjon Trap
21
Mellersta 1 -282.2 0.23 -68.01 0.01 4.6 045 79 19 nd
Harrsjon Trap
19
Mellersta 1 -293.1 0.25 -68.01 0.01 5.0 0.48 64 18 nd
Harrsjon Trap
24
Villasjon Trap 1 -300.7 0.21 -6549 0.01 3.7 0.50 126 28 nd
34
Villasjon Trap 1 -314.9 0.23 -66.60 0.01 2.5 0.45 215 44 nd
31,34,35
Villasjon Trap 1 -312.7 0.25 -62.32 0.01 1.8 0.47 291 69 nd
31
Methanosarcina 2 -346.7 0.28 -30.23 0.16 -54 0.46 n/a nd

acetivorans:

a

Values relative to stochastic distribution of isotopologues.

b
Italics denote temperatures inferred to be implausible for methane formation for a given sample,

which reflect mixing or non-equilibrium isotope effects.
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Errors for inferred temperatures are average of upper and lower temperature estimates since A.—
T relationship is not linear.
d

Grown at 28 °C.
The samples were analyzed over the course of 5 separate measurement periods of 2—
15 weeks in duration, spanning 14 months in total. These measurement periods were
separated by intervals of time when the Ultra was used for other measurements. Ten of
the samples analyzed for this study were analyzed as replicates, in some cases in
multiple measurement periods. We present measurement uncertainties for individual
samples as either two standard errors of the internal measurement variability for a
single measurement (2 SE), or 2 SE of replicate measurements. Reported uncertainties
for inferred temperatures are propagated from the 2 SE errors for A, values using
Eq. (6). External reproducibility for A, 8D, and 8=C values (1 o) was 0.38%o, 0.22%. and
0.06%0 respectively. A more detailed description of standardization and external
reproducibility is provided in Appendix 2.

2.6. Other isotope measurements

Carbon isotopes of CO, contained in gas bubbles from the Alaskan lakes were
measured at Florida State University, as described by Walter Anthony et al. (2012).
Methane radiocarbon abundance for the Alaskan lake and Beaufort Sea samples was
measured by accelerator mass spectrometry (AMS) at either the Woods Hole
Oceanographic Institution’s National Ocean Sciences AMS facility or the University of
California at Irvine Keck Carbon Cycle AMS facility (Paull et al., 2011, Paull et al.

2015, Brosius et al., 2012, Walter Anthony et al., 2012). Radiocarbon data are
expressed as A“C in per mil notation (Stuiver and Polach, 1977):
(7)A14C=Fmx*e\(1950-Yc)-1

where Fm is the deviation of the sample *“C/*C ratio relative to 95% of the *“C/*C ratio of
the NBS Oxalic Acid standard in the year 1950, A is 1/8267 (the reciprocal of the mean-
life of “C), and Yc is the year the sample was collected.

To estimate the dD value of methane formation water for the Alaskan and Beaufort Sea
samples we relied on published data for the isotopic compaosition of pore water or
permafrost ice from either the studied sites (when possible), or same region of Alaska
(Table 1) (Meyer et al., 2010, Paull et al., 2011, Paull et al., 2015, Brosius et al., 2012).
For the Stordalen Mire samples we applied dD values measured in lake water samples.
Grab samples for water isotope analyses were collected from Mellersta Harrsjon (10
samples) and Villasjon (15 samples) in acid washed 50 ml polyethylene bottles in
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August 2005 and samples were stored cool to avoid evaporation before analysis. Water
samples were reduced to H, using chromium oxidation using a Finnigan H-device, and
oD values were measured with a Finnigan Delta V isotope-ratio mass spectrometer at
the Stable Isotope Laboratory at the Department of Geological Sciences, Stockholm
University, with a typical precision of £2%.. Average dD values and standard deviations
for each lake are reported in Table 1. We applied water 8D measurements from
Mellersta Harrsjon to samples from Inre Harrsjon since these two lakes have similar
physiographic characteristics (Wik et al., 2013). As there are differences in the source of
water isotope data between study sites, we apply the largest standard deviation
associated with water 8D measurements (x30%. for measurements of Fairbanks area

ice wedges; Brosius et al., 2012) as a conservative estimate of uncertainty for methane
formation water dD.

We calculated apparent carbon dioxide—methane (13aCO2-CH4) and water-methane
(2aH20-CH4) isotopic fractionation factors using the equations:
(8)130C0O2-CH4=13RCO0O2/13RCH4

(9)2aH20-CH4=2RH20/2RCH4

Propagated errors for a values were calculated using the individual errors for isotope
measurements of CH., CO,, and H.O.

2.7. Gas concentration and flux measurements

The concentrations of methane and other gases in the Alaskan lake samples were
measured at the University of Alaska Fairbanks, as described in Walter Anthony et al.
(2012). In some samples, ethane concentrations were analyzed using the same
methodology, and were used to calculate [C.])/[C,] ratios (Table 1). Gas ebullition fluxes
(L gas day* trap™; Table 1) were measured via gas volume accumulations in bubble

traps either manually or using data loggers over periods ranging from 20 min to 47 days
(Walter Anthony et al., 2012). In Alaska all samples were collected from identified gas_
seeps, and therefore flux estimates were not dependent on the area of the traps. For
some seeps reported gas fluxes are estimates based on measurements of seeps from
the same region of Alaska with similar characteristics (Table 1). Gas composition
analyses for the Beaufort Sea samples were performed by Isotech Laboratories (Paull
et al., 2011, Paull et al., 2015).

Methane concentrations in the Stordalen lake samples were measured at the Abisko
Scientific Research Station (Wik et al., 2013). Gas fluxes were estimated by measuring
gas volume accumulations in bubble traps manually over periods of 24-72 h. At
Stordalen, traps were not placed over identified points of gas bubbling, but instead
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sampled overall ebullition within the area of the trap. To account for scaling effects
related to the area of the traps, for these samples we report flux in terms of

L gas day* m2 (Table 1). In most cases we used the flux estimate for the actual sample
analyzed, but in one case where a sample-specific flux estimate is not available we
adopted the six-year average flux for that trap (Table 1). In all samples methane flux
was calculated by multiplying the total gas flux by the measured methane concentration.

3. Results

3.1. Methane dD and 6=C data

Methane dD and 6=C values (Table 2) measured on the Ultra differed by variable
amounts from previous measurements of the samples from Alaska and the Beaufort
Sea, with an average deviation of =2 + 9%o. for 8D and —1.1 * 0.5%o for 5=C. As
discussed in Appendix 1, these differences are likely caused by interlaboratory
measurement artifacts, and do not reflect changes in samples due to storage. The
interlaboratory differences are minor relative to the range of variability in the samples,
and do not influence the interpretations presented here. The dD values of these
samples ranged from —151%o to —383%o, and 6=C values ranged from —34.3%o to
—88.8%0 (Table 2; Fig. 3). The samples from southeast Alaska, the Beaufort Sea, and
two of the samples from the Alaskan North Slope (Lake Sukok, Lake Q) display
relatively high oD values (>-250%0), and conform to a broad positive relationship in dD—
0=C space spanning the typical ranges of thermogenic and hydrogenotrophic microbial
methane (Fig. 3; note reversed y-axis) (Whiticar et al., 1986). In contrast, the samples
from the Fairbanks area and the Stordalen Mire, as well as from Cake Eater Lake on
the North Slope, display low &D values (<-250%0) and cluster in the typical dD—-6=C
range of fermentative microbial methane (Eig. 3). The Stordalen Mire samples display a
negative trend in dD—-0=C space, while most of the Fairbanks area samples display a
positive trend. The low &=C (—88.8%0) and dD (—313%o) value of the sample from
Killarney Lake are anomalous relative to typical values of microbial methane (Whiticar et
al., 1986).
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Fig. 3. Methane 6D and 6=C values overlaid on empirical methane.
Source fields derived from Whiticar et al. (1986).

3.2. Methane clumped isotope data

The A, values of the studied samples varied widely from —0.4%. to +9.6%. (Table 2, Fig.
4). For comparison, formation of methane from 0 to 100 °C in internal isotopic
equilibrium would correspond to a A, range of 7.1-4.2%. respectively. The observed
range of A, is much wider than this, and corresponds to apparent equilibrium
temperatures ranging from —61 °C to non-real temperatures (i.e., negative values of

As do not have equivalent equilibrium temperatures). Thus both the high and low ends
of the range of A, values cannot be interpreted in the context of apparent equilibrium
formation temperatures, as discussed below (Sections 4.3 Non-equilibrium microbial
methane, 4.4 Mixtures of thermogenic and microbial methane, 4.5 A).
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Fig. 4. Scatter plots of methane A, versus dD (A) and 4=C (B). All error bars are 2 SE as
described in Section 2.5. Error bars for 8D and 0=C are smaller than the symbols. Two
groups of data described in Section 3.2 are circled.

In specific geographic regions in Alaska we found a similarly wide range of A,; values:
A ranged from 4.8%o to 8.4%o. in Southeast Alaska, from 0.2%o to 9.6%o in the Fairbanks
region, and from —0.4%. to 6.8%0 on the North Slope. These data indicate significant
differences in the origin of regional ebullitive methane emissions. The Stordalen lake
samples also displayed a wide range of A, values, from 1.8%o to 5.4%o.. In contrast, the
three samples from the Beaufort Sea displayed a small range of A values, 6.9—7.1%o.
These values correspond to a temperatures of 0-5 (x13) °C, consistent with equilibrium
formation at seafloor temperatures of -1.5-1 °C (Fig. 5).
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Fig. 5. Scatter plots of A.-derived temperature versus (A) 6=C and (B) 6D
for methane samples with inferred equilibrium or mixing-influenced A, values. Specific
samples referred to in the text are indicated. The solid gray line indicates the modeled
non-linear mixing line (see Section 4.4) for samples from the Eyak Lake (“e”). The
dashed line indicates a temperature of -5 °C, an assumed lower limit
to methanogenesis in Arctic environments.
The studied samples define two groups in a plot of A,s vs. dD (Fig. 4). One subset,

comprising samples from southeast Alaska, the Beaufort Sea, and two of the samples
from the Alaskan North Slope (Lake Sukok, Lake Q), is defined by both elevated 6D
values (>—250%o) and A, values (>4%o). We interpret these samples to have either
formed in isotopic equilibrium, or through mixing of isotopically distinct end-members
that each formed in isotopic equilibrium (Fig. 5). The other subset, comprising the
samples from the Fairbanks area and the Stordalen Mire, as well as from Cake Eater
Lake on the North Slope, is defined by lower 6D (<—250%0) and A, values (<6%o) (Fig._
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4). We interpret these samples to represent microbial methane that did not form in
isotopic equilibrium. These A values, if interpreted as formation temperatures, would
indicate temperatures >29 °C that are not plausible for microbial methane in Arctic lake
sediments. The two groups of samples are less clearly distinguished in A.-6=C
composition space (Fig. 4), but samples inferred to form in isotopic equilibrium or
through mixing generally have higher 6=C values, whereas samples with non-
equilibrium A, values generally have lower 6C values (Fig. 4). The Doughnut Lake
sample from the Fairbanks region is ambiguous in that it plots with the equilibrium
samples in 3#C-A, space, but with the non-equilibrium samples in 8D-A,; space. In
addition, the sample from Killarney Lake (Fairbanks) is anomalous given its low dD
(=312%0) and 6=C (—88.8%0) values, but high A, value (9.6%o0) (see Section 4.3.1).

3.3. Methane flux and radiocarbon data

Methane ebullitive flux measurements from lacustrine seeps in Alaska spanned eight
orders of magnitude, from .005 to 93,456 L CH. day trap* (Table 1). Area normalized
ebullitive methane flux from the Swedish lakes spanned two orders of magnitude, from
1.5to 183 L CH, day* m= (Table 1).

Methane A*“C values also spanned a substantial range (Table 2; Fig. 6, Fig. 7) from
—265%0 (equivalent to 2420 “C years before present) to —1000%. (no detectable
radiocarbon; >50,000 “C years before present). It is important to note that methane *“C
ages do not necessarily indicate the age of methane formation, since in many cases
recently formed methane can be produced from aged carbon that is depleted in “C
(e.g. Walter et al., 2006, Walter et al., 2008, Brosius et al., 2012).
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Fig. 6. Scatter plots of (A) dD vs. 6=C; (B) 8D vs. A.; (C) 6=C vs. As; (D) 2aH20-CH4 VS.

A (E) 13ac02-cH4 vs. Ay; and (F) A«C vs. A, for lacustrine microbial methane samples
displaying non-equilibrium A, values. Linear regression statistics for significant
correlations for subsets of data either from Alaska or from the Stordalen Mire are
shown; in (E) the sample from Doughnut Lake (upper right side of the plot) is an outlier
and is not included in the regression model.
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Fig. 7. Isotope and gas composition mixing models for methane from Eyak Lake and

Prince William Sound. (A) 6=C vs. dD; (B) 6=C vs. A,; (C) 0=C vs. A«C; (D) 6=C vs. [C.J/
[C.]. The circle in (A) and (C) indicates the inferred composition of the high-temperature
Eyak Lake end-member based on 6=C-A=C and dD-A=C mixing lines. The gray area in
(B) indicates the high-temperature end-member A,values implied by the 6=C value
(—38.1%o) inferred from the 8=C—-A=C mixing line (C). The dashed line in (B) indicates the
A, and 6=C value implied by the model if the low-temperature end-member formed in
equilibrium at =5 °C. Equilibrium formation at higher temperatures or non-equilibrium
kinetic isotope effects would imply lower 8=C values. The dashed line in (C) indicates a
A+C composition of =1000%e. (i.e. no radiocarbon). A=C data is not available for the PWS
sample and its 6=C value is plotted on the y-axis in (C). The mixing curve in (D) is one of
many possible curves that fits the data from samples Eyak-1 and Eyak-3, but is
representative of the general shape of these curves. =C and [C.]/[C.] end-members for
this curve are —90%o0 and 1 x 10= for the low-temperature end-member, and —20%. and
25,000 for the high-temperature end-member. The Katalla sample data are plotted for
reference only and are not included in the models.

3.4. Methylotrophic methanogen culture

Methane sampled from the M. acetivorans culture had a low dD value (-347%o), but a
high 8=C value (-30.2%o0). The dD value of water in the culture media was —82 * 1%o,
the &=C value of the methanol was —25.69%., and the dD value of the methyl group of
methanol was —156 + 8%o.. The high 6=C of the methane is likely the result of

Rayleigh fractionation of the culture media methanol, and suggests that

the methanogensconsumed most of this carbon substrate. The A,; value for this sample,
-5.4 + 0.5%o, is the lowest yet observed. This observation suggests that cultures of
fermentative methanogens produce substantial non-equilibrium effects in A, similar to
or greater (i.e., further from equilibrium) than those observed in cultures of
hydrogenotrophic methanogens (Stolper et al., 2015, Wang et al., 2015).

Interpretation of this low A value is complicated. The Avalue of the methane is
controlled by both the isotope effectsassociated with the hydrogenation of the methanol-
derived methyl group to methane, as well as the initial isotopic order of the methyl group
(Stolper et al., 2015, Wang et al., 2015). We do not know the clumped isotope
composition of the methanol consumed in this experiment, which could have influenced
the A, value of the methane. Furthermore, the results of this experiment, while
informative regarding A values in fermentative methane at a first-order, may not be
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particularly representative of fermentative methanogenesis in freshwater environments,
for three reasons. First the cultured taxon was isolated from a marine

ecosystem (Sowers et al., 1984), and was grown in a salt water medium. We used this
taxon as an initial test of fermentative methanogenesis because it was readily available.
Second, the carbon substrate for the culture was methanol, whereas acetate is the
dominant carbon substrate for fermentative methanogenesis in most freshwater
ecosystems (Whiticar et al., 1986), and differences in *C isotopic fractionation between
methanogens grown with acetate and methanol on the order of 50%. have been
documented in previous studies (Krzycki et al., 1987). Third, the

genera Methanosarcina has differences in its methanogenic pathway as compared to
the genera Methanosaeta (Smith and Ingram-Smith, 2007), which is the dominant
aceticlastic methanogen in most freshwater environments (Borrel et al., 2011). Previous
studies of hydrogenotrophic methane produced by Methanosarcina barkeri produced
lower A,; values than other hydrogenotrophic methanogens (Stolper et al., 2015, Wang_
et al., 2015). Therefore the metabolic pathway of Methanosarcinacould produce more
pronounced non-equilibrium effects in Athan that of other methanogens.

4. Discussion

Based on the A, 8D, and 6*C values summarized above, supplemented in some cases
with A*C values and ratios of methane to ethane concentrations ([C.J/[C.]), we divided
the studied samples into four categories of methane sources: thermogenic methane,
equilibrium microbial methane, non-equilibrium microbial methane, and mixtures of
methane from deep and shallow sources. The basis for this categorization is discussed
below. We primarily interpret A,s values as an indicator of equilibrium or non-equilibrium
isotope fractionationat the time of methane formation, although we do discuss post-
formation isotope effects related to mixing and gas-phasediffusion in Sections 4.3.1
High A, 4.4 Mixtures of thermogenic and microbial methane. A key limitation of our
interpretation is that we do not have constraints on how methane oxidation influences
A values. Previous research has suggested, however, that methane oxidation does not
strongly influence the isotopic compaosition of methane bubbles emitted from lakes
(Walter et al., 2008).

4.1. Thermogenic methane

The methane sampled from Lake Sukok on the North Slope of Alaska displayed a
A value of 4.1 £ 0.5%o, corresponding to an apparent equilibrium temperature of
102 £ 24 °C. This inferred temperature is within the range at which thermogenic
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methane typically forms (~60 to ~300 °C), and would imply generation of gas during
initial catagenic breakdown of organic macromolecules to oil and gas (Hunt

1979, Quigley and Mackenzie, 1988, Clayton, 1991, Seewald, 2003). We note that
A,; data for other thermogenic methane samples have yielded temperatures >140 °C

(Stolper et al., 2014b, Wang et al., 2015), except for dominantly thermogenic gases
from the Antrim Shale (95-115 °C) (Stolper et al., 2015). The elevated dD (-193%0) and
0=C values (-46.3%o), low A*“C value (-998%o.) of the Lake Sukok sample are also
consistent with a thermogenic origin. Furthermore, Walter Anthony et al. (2012)showed
that the hydrocarbon geochemistry and isotopes of the Sukok Lake ebullition seep
closely matched data from an adjacent petroleum production well. A recent study

of pore water geochemistry and geobiology from Lake Sukok also concluded that most
or all of the methane found in its sediments is thermogenic in origin, and that there is
very little methanogenactivity in Lake Sukok sediments based on the abundance of
both genetic markers and lipid biomarkers (Matheus Carnevali et al., 2015).

4.2. Equilibrium microbial methane

We interpret the clumped isotope data from the three Beaufort Sea samples, as well as
the sample from Lake Q in Alaska, to be indicative of microbial methane generated in
internal isotopic equilibrium. There are three lines of evidence for this conclusion. First,
the A, values for these samples (6.8—7.1%o0) imply formation temperatures between 0—
9 £ 13 °C (Fig. 5), which is within error of ambient environmental temperatures, and well
below the lower limit of thermogenic methane formation (~60 °C; Hunt, 1979, Seewald,
2003). Second, the dD (—210%o to —238%0) and 8=C (—59.3%o. to —83%.) values of all four
gases are within the typical range of microbial methane (Table 2; Fig. 3; (Whiticar et al.,
1986). Third, research to date indicates that microbial methane formed in marine and
deep subsurface settings, produces equilibrium clumped isotope signatures that reflect

their formation environment (Stolper et al., 2014b, Stolper et al., 2015, Inagaki et al.,
2015, Wang et al., 2015).

4.2.1. Microbial methane from the Beaufort shelf and slope

The three methane samples from the Beaufort Sea slope and shelf vents and sediment
core indicate consistently low formation temperatures, from 0 to 5 (£13) °C. These
temperatures are within error of bottom water temperatures at these sites (-1.5—

1 °C; Paull et al., 2011, Paull et al., 2015). The A, data are consistent with methane
formation in sediments or sub-permafrost environments, and do not support a dominant

contribution from thermogenic methane or deep microbial methane formed in warm
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environments (>18 °C). Overall, our results from the Beaufort shelf are consistent with
previous clumped-isotope analyses of marine methane seeps from the Santa Barbara
Basin and the Santa Monica Basin, which indicated formation temperatures (6-16 °C),
within error of bottom water temperatures (Stolper et al., 2015). Similarly, analyses

of gas hydrate and sediment core void gas from the North Cascadia Margin indicated
relatively low formation temperatures between 12 and 42 °C (Wang et al., 2015).

The Beaufort Sea samples exhibit similar A, values in spite of large differences in water
depth and vent type. The 38 m water depth methane vent is inferred to be a pingo-like
formation associated with melting permafrost (Paull et al., 2007, Paull et al., 2011). This
sample contains negligible radiocarbon (-997%. A“C; Table 2), in contrast to nearby
sedimentary organic matter that contains more radiocarbon (=960 to —831%. A*“C; Paull
et al., 2011). This difference in A*C between methane and sedimentary organic matter
is probably caused by the migration of methane from deeper subsurface horizons that
contain ancient carbon, possibly as a result of dissociating gas-hydrates or permafrost
(Paull et al., 2007, Paull et al., 2011). The A,; data are consistent with this interpretation,
but argue against a high-temperature origin for methane from gas hydrates. Permafrost
extends up to 700 m below the seafloor in this area (Paull et al., 2011), and it is possible
that methane could be forming in relatively deep sub-permafrost environments that
maintain temperatures near 0 °C.

The 420 m vent on the Beaufort Shelf is classified as a mud volcano, and is not
associated with permafrost (Paull et al., 2015). The isotopic and ionic chemistry of water
venting from the volcano suggest a contribution of fluid derived from smectiteto illite clay
dehydration (Paull et al., 2015), which is thought to occur at temperatures of ~60 °C or
greater (Jennings and Thompson, 1986), although the water chemistry also implies a
contribution from seawater and groundwater of meteoric origin to the fluid emanating
from the mud volcano (Paull et al., 2015). Our clumped isotope data rule out a high
formation temperature for the methane at this mud volcano, and instead imply

microbial methanogenesis in sediments or the shallow subsurface. Methane sampled
from a nearby sediment core is similar in its A, 0°C, and dD values (Table 2), further
suggesting a shallow source for the mud volcano methane. It is possible that the
methane was originally formed in the shallow subsurface, was subsequently buried to a
greater depth where clay dehydration took place, and then both the methane and clay-
dehydration waters were exhumed to form the modern mud volcano. Heating of buried
methane to temperatures around 60 °C would most likely have not reset its A, value, as
a previous study implied that internal isotopic re-equilibration does not occur at this

temperature (Stolper et al., 2014b).
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4.2.2. Deep subsurface microbial methane emitted from Alaskan lakes

We interpret the clumped-isotope measurement from one of the Alaskan lakes, Lake Q,
to indicate emission of subsurface microbial methane formed in internal isotopic
equilibrium. Methane emitted at Lake Q has a A;; value of 6.8 + 0.5%0, equivalent to a
formation temperature of 9 £ 13 °C (Fig. 5). This inferred temperature is within error (2
SE) of the estimated mean annual temperature at the lake (~0 °C). The methane from
this seep, however, contains no detectable radiocarbon (Table 2), arguing against
microbial methanogenesis in lake sediments. In addition, as discussed in detail below
(Sections 4.3 Non-equilibrium microbial methane, 4.5 A), all samples of microbial
methane produced in freshwater sediments analyzed to date have displayed low, non-
equilibrium A, values (Stolper et al., 2015, Wang et al., 2015). We infer that the low
temperatures of methane generation, combined with the lack of radiocarbon, are
consistent with methane emitted from Lake Q being produced by methanogens
consuming fossil carbon in coal seams known to underlie the lake (Walter Anthony et
al., 2012). Microbial coal-bed methane has been documented in other regions of Alaska
(Dawson et al., 2012), and is an important category of coal-bed methane globally
(Strgpoc et al., 2011). Furthermore, a recent study found evidence for methane formed
in clumped-isotope equilibrium at ~70 °C in a coaldeposit in deep marine

sediments (Inagaki et al., 2015).

Methane from Doughnut Lake has a A;; value of 6.0%o, indicating an apparent
temperature of 29 + 15 °C (Eig. 5). This result is ambiguous, as it could reflect either
equilibrium methane formation by deep subsurface methanogens, or methane formation
in lake sediments with a relatively small non-equilibrium isotope effect (Fig. 6;

Section 4.3). Given this ambiguity we include the Doughnut Lake sample in our
discussion of non-equilibrium microbial methane below.

4.3. Non-equilibrium microbial methane

Six of the methane samples from lakes in Alaska (Goldstream-Hotspot, Goldstream-
Tinies, Goldstream-40A, Smith, Cake Eater, and Doughnut), and all of the Stordalen
samples, have dD (—285%o to —383%0) and 6=C (—55.5%0 to —77.6%o) values (Fig. 6A)
typical of microbial methane, but low A values (6%o to —0.4%o) (Table 2, Fig. 6B and C).
These A, values would require implausible temperatures for methanogenesis in lake
sediments (29-905 °C; negative A;; values do not correspond to any temperature) if
interpreted as equilibrium values (Table 2), and almost certainly do not reflect formation
of methane in internal isotopic equilibrium. Instead, the low A, values for these samples
are consistent with previous studies that showed microbial methane produced in
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freshwater sediments, cow rumen, and in pure cultures of hydrogenotrophic
methanogens have low A, values that are not in equilibrium with their formation
environment (Stolper et al., 2014a, Stolper et al., 2015, Wang et al., 2015).

Previous studies have proposed that non-equilibrium A,; values in microbial methane
primarily represent kinetic isotope effects related to the differential reversibility of the
enzymatic reactions involved in methanogenesis (Stolper et al., 2015, Wang et al.,
2015). In other words, this hypothesis proposes that kinetic isotope effects manifest in
A values, as well as in 8D and 6*C values, are determined by the extent to which the
reactions of methanogenesis operate near thermodynamicreversibility, which controls

the establishment of isotopic equilibration between methane and its metabolic
precursors (Blair, 1998, Valentine et al., 2004, Penning et al., 2005). The ‘reversibility of
methanogenesis’ is related to chemical potential gradients between methane and its
precursors. Faster rates of methanogenesis at high chemical potential gradients are

interpreted to correlate with less reversible reactions, larger kinetic isotope effects, and
lower A, values (Valentine et al., 2004, Penning et al., 2005, Stolper et al., 2015, Wang_
et al., 2015). Other factors in addition to the rate of methanogenesis, including
differences in metabolic pathways between methanogen taxa, the relative abundance of

methanogenesis reactants and products in the environment, and the allocation of
carbon for growth as opposed to methane generation, could also be influential in the
reversibility of methanogenesis and related isotope effects (Valentine et al.,

2004, Stolper et al., 2015, Wang et al., 2015).
In the context of this hypothesis, we propose two explanations for the substantial

variability of A,; values observed in the microbial methane from the Alaskan and
Swedish lakes. First, it could indicate differences in the extent of kinetic fractionation
exhibited by methanogenesis between samples. This would imply that the highest

A value (Doughnut Lake; 6%o) corresponds to a high degree of reversibility, and the
lowest A value (Cake Eater Lake; —0.4%o0) corresponds to low reversibility. Alternatively,
the range in A, values could represent variable mixtures of two distinct sources of
microbial methane. For example, mixing of microbial methane formed in isotopic
equilibrium, possibly in deep subsurface environments, with non-equilibrium methane
formed in lake sediments, would produce methane samples with intermediate non-
equilibrium A, values. In this scenario, the non-linearity of mixing would be minimized if
the 8D and &=C values of the end-members were similar (Fig. 1). A strong positive
correlation between dD and A in the Stordalen Mire samples (Fig. 6B; R> = 0.86) is
suggestive of a mixing relationship between isotopically distinct methane reservoirs.
However, correlations between 6=C and A, (Fig. 6C; R? = 0.46), and between dD and
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0=C (Fig. 6A; R> = 0.37), are weaker for this group of samples, suggesting that if such
mixing occurred, it was modulated by other isotopic effects. We also note that there are
no currently known sources of deep subsurface microbial methane in the Fairbanks
area or in the Stordalen Mire complex.

Previous studies (Stolper et al., 2015, Wang et al., 2015) have noted a negative
correlation between non-equilibrium A,; and 2aH20-CH4 values, an association that is
consistent with the hypothesis that microbial methane isotope fractionation is controlled
by the reversibility of methanogenesis (Valentine et al., 2004). We also observe a
negative correlation between Aiand 2aH20-CH4 in the non-equilibrium methane
samples (R? = 0.34), although there is substantial scatter in this relationship (Fig. 6D). If
the data are subdivided into the Alaskan and Stordalen samples, however, the
correlation between A, and 2aH20-CH4 for each sample set is much stronger

(Fig. 6D, R>=0.85 and 0.72, respectively). The different regression lines for these two
sample groups could be caused by differences in the source of water dD data. Namely,

for the Alaskan samples we applied dD measurements of permafrost ice, but for the
Stordalen samples we applied measurements of lake water. Overall, the negative
correlations between A;; and 2aH20-CH4 values are consistent with the hypothesis that
the degree of reversibility during methanogenesis at least partially controls A in the
studied lakes.

We also observe a positive correlation between A,; and 13aC0O2-CH4 values (Fig. 7E) in
five samples from Alaskan lakes (Fig. 6C; R = 0.77); the sample from Doughnut Lake
does not conform and is not included in the regression model. This relationship could
also indicate kinetic isotope effects that influence both A,; and 13aC0O2-CH4 (Valentine et
al., 2004, Penning et al., 2005, Stolper et al., 2015), similar to the relationship between
A and 2aH20-CH4 described above. Indeed, such a relationship is predicted by a
model of kinetic isotope effects in methane, described in Stolper et al. (2015). While we
do not have CO, isotope data for the Stordalen lake samples, these samples display a
negative relationship between methane 6=C and A, (Fig. 6C) that would be consistent
with the pattern observed in the Alaskan lakes if CO,5*C values are relatively constant
in these samples.

Among the Alaskan lake methane samples, those with low A*C (<-970%o) display
higher A,; values than samples with high A*C (>-400%o) (Fig. 6F; note that we do not
have A“C data for the Goldstream-Tinies sample). This pattern could indicate a greater
degree of reversibility in methanogenesis sustained by older, more refractory carbon

that is inherently more difficult to degrade, which would limit rates of methanogenesis.
Alternatively, this pattern could be explained by variable mixtures of “C-depleted
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methane, formed in isotopic equilibrium in the deep subsurface, with relatively *“C-
enriched methane that is formed out of isotopic equilibrium in lake sediments.

The wide range of A, values in the microbial lacustrine methane samples indicates that
kinetic isotope effects associated with methanogenesis vary substantially in the studied
Arctic lakes. Invariably there is some degree of mixing of methane in lake sediments,
but our results are not consistent with simple mixing between an equilibrium end-
member and a non-equilibrium end-member with a constant A, value. Instead the
observed trends, and in particular relationships between Aand 2aH20-

CH4 and 13aC02-CH4 values (Fig. 6D and E), are consistent with methane being
produced in these lakes with a variety of non-equilibrium A, values, which would imply a

spectrum of kinetic isotope effects.
4.3.1. High A, in microbial methane from Lake Killarney

The methane sampled from Lake Killarney has an unexpectedly high A; value of

9.6 £ 0.7%0 (2 SE of two replicate measurements), which corresponds to an equilibrium
formation temperature of =61 = 15 °C. This temperature is clearly unrealistic for
methanogenesis (Fig. 5), and the anomalously high A, value is in the opposite direction
of previously observed non-equilibrium effects (Stolper et al., 2014b, Stolper et al.,
2015, Wang et al., 2015), which produce lower A, values than expected for a given
temperature. Currently, we cannot account for this result, but we suggest three possible
explanations. First, this high A, value could reflect mixing of thermogenic and microbial
methane (Fig. 1). However, the highly depleted &+C value of this sample (—88.8%o)
makes such mixing seem unlikely, as it would require that the microbial end-member
have an even lower 5=C value, which would be anomalous for microbial methane

in freshwater environments(Fig. 3).

Second, the high A, value could be the result of methane oxidation, whose effects on
A values have not yet been directly observed. However, methane oxidation tends to
cause enrichment of residual methane in both 8D and &=C (Whiticar, 1999), and — given
the especially low 6*C signature of this sample — it is unlikely that it has undergone
significant oxidation. Third, the high A, value could be the result of diffusive isotopic
fractionation. The effects of gas-phase diffusion on clumped isotope compositions have
been described in detail for mass-47 CO. and mass-4 H. by Eiler and Schauble

(2004) and Eiler (2013), respectively. In brief, diffusive isotopic fractionation of methane
in air would be expected to lower both 8D and &=C values in the diffused gas by
approximately 14%o, but increase A, values by approximately 1.5%o.. While this effect will
require empirical validation, and does not take into account the likely importance

of liquid-phasediffusion in this environment, to a first-order it is consistent with the high
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A; and low 8D and &=C values observed at Killarney Lake. It is currently unclear why
diffusion would impart a significant effect on methane emitted at Killarney Lake and not
the other sites in this study, with the possible exception of Eyak Lake as discussed
below.

4.4. Mixtures of thermogenic and microbial methane

The isotopic compositions of the five samples from Southeast Alaska (Eyak-1, -2, and
-3; PWS; Katalla) suggest that they contain variable mixtures of methane from high- and
low-temperature formation environments. Such mixing was previously identified for a
larger set of methane samples from Lake Eyak and Prince William Sound by Walter
Anthony et al. (2012) on the basis of evidence for linear correlations between A*C, =C
and oD values. That study suggested that the mixing end-member with high 4=*C and dD
values, and a low A“C value, was thermogenic in origin.

The A, values for the Lake Eyak and Prince William Sound (PWS) samples in this study
are consistent with mixing between methane with distinct 8D and &=C values. These
samples form a parabolic trajectory in 32C-A,; and dD-A,; space (Fig. 7B) that is
characteristic of mixtures in which the end-member dD and 8=C values differ widely
(Eig. 1). The A, value for sample PWS indicates a formation temperature of 73 + 20 °C
(Table 2; Fig. 5), which is a plausible, but low, temperature for thermogenic methane
formation (Hunt, 1979, Seewald, 2003). In contrast, sample Eyak-1 indicates a
temperature of 24 + 15 °C, which is too low for a thermogenic source, and samples
Eyak-2 and Eyak-3 indicate temperatures of —47 + 19 and —-31 + 12 °C respectively
(Table 2), which are implausible for methane formation by any mechanism in these
environments (Fig. 5). The high A, values and low corresponding apparent
temperatures for the Lake Eyak samples can be understood, however, as a
consequence of mixing between thermogenic and microbial methane that differ in their
A, 2C and oD values.

We calculated a best-fit mixing model (described in detail in Appendix 3) to the A, 62C
and oD values from the Lake Eyak and PWS samples. As discussed below, there is
some evidence that the PWS sample does not conform to the same mixing trend as the
Lake Eyak samples, and therefore we calculated a second model that omits this sample
(Eig. 7A and B). While the two models differ slightly, qualitatively the results are similar.
A key assumption of these mixing models is that mixing is conservative and involves
only two-end members. The mixing models provide a good fit (within 0.5%o. in A;s) to
samples Eyak-1, Eyak-3, and PWS, but a less good fit (within 0.8%o in As) to sample
Eyak-2 (Fig. 7B), although this difference is within the 2 SE analytical error of this
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sample. The mixing models constrain the possible combinations of A, 8*C and 6D
values for the mixing end-members, but not their specific values.

Specifically, the models suggest that in order for the low-temperature end-member to
have an equilibrium formation temperature above -5 °C, it would require that its 6=C
value be less than —90%. (Fig. 7B), which is anomalously low compared to other
samples from freshwater ecosystems (Whiticar, 1999). As discussed above, microbial
methane in most lakes expresses non-equilibrium A, values lower than that equivalent

to their formation temperature, but in this case a low non-equilibrium A, value would
require a 8C value even lower than —90%.. Alternatively, the Lake Eyak low-
temperature end-member may be characterized by a higher than equilibrium A.value,
as observed at Killarney Lake, which could be caused by diffusion or another
undetermined post-formation process.

Additional measurements, including radiocarbon and gas composition data, provide
further constraints on gas mixing at Eyak Lake. If we assume that the A“C value of the
high-temperature end-member is —1000%o (i.e. it contains no radiocarbon), the =C of
the high-temperature end-member can be constrained by the intersection of a A*C
value of —1000%. and the A“C—6=C mixing line for samples Eyak-1 and Eyak-3

(Eig. 7C). This constraint implies a high-temperature end member 3=C value of

—-38.1 + 1%o, although this estimate is based on only two radiocarbon measurements,
which limits its accuracy. This inferred high-temperature end-member 6=C value is lower
than the =C value for sample PWS (-34.3%o) (Fig. 7C). This difference suggests that
either (1) the high-temperature methane emitted at Eyak Lake differs in $=C from the
high-temperature methane emitted in the PWS sample, despite their close proximity
(see Fig. 6 in Walter Anthony et al., 2012); or (2) that the first assumption is invalid and
there are more than two low-temperature end-members with distinct A“C values; or (3)
that sample PWS underwent post-formation isotopic fractionation, such as oxidation,
that led to a higher 4=C value.

If the 8=C (—38.1%o) value for the high-temperature end-member inferred from the A“C
mixing-line discussed above is correct, this in turn implies that the A, of the thermogenic
end-member is approximately 5.2 + 0.5%. (Fig. 7B), indicating a temperature of

57 £ 19 °C. This is an anomalously low temperature for thermogenic methane
generation, suggesting an extremely low maturity source (Seewald, 2003), despite the
relatively high =C value. One possible explanation is that the high-temperature end-
member is not thermogenic in origin, and instead is deep surface microbial methane.
Comparing our results with [C.]/[C,] data for the Lake Eyak samples indicates further
complexity in the gas mixing relationships in this region. While sample Eyak-2 is
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intermediate in 8D and &=C values, it has the highest [C.]/[C,] value (Fig. 7D). This
implies that the assumption of conservative, two end-member mixing is incorrect, and
suggests that either (1) there are more than two mixing end-members or (2) that ethane
oxidation is occurring and disproportionately affected sample Eyak-2. Furthermore, the
relatively high [C.])/[C;] value for sample Eyak-1 implies that the high-temperature end-
member has a [C.])/[C.] ratio greater than 1 x 10 (EFig. 7D), which is anomalously high for
thermogenic methane (Bernard et al., 1978, Whiticar, 1999). These data also suggest
that the high-temperature end-member is likely microbial methane, potentially produced
in coal beds that occur in Southeast Alaska (Dawson et al., 2012, Walter Anthony et al.,
2012).

Ultimately, the high A,; values of methane in the vicinity of Lake Eyak confirm that
mixing between isotopically distinct end-members is occurring, and has the potential to

provide new insights into the formation environment of the mixing end-members.
However, comparison with gas composition data suggests that the mixing processes
occurring in this system are more complex than can be adequately resolved within the
scope of this paper.

Methane sampled from Katalla, ~80 km to the east of Lake Eyak, has a similar isotopic
signature to sample Eyak-1 (Fig. 7A and B). The Katalla methane dD and 4=C values
plot within the thermogenic methane field (Table 2, Fig. 3), but the inferred clumped-
isotope temperature of 27 £ 15 °C is not consistent with pure thermogenic methane
(Eig. 5). Furthermore, the Katalla sample contains no detectable ethane. This suggests
that the methane emitted at Katalla is predominantly microbial in origin, and either
represents a mixture of high- and low-temperature microbial methane with distinct 6D
and 6=C values, or methane with a single source forming around 27 °C with highly
enriched dD and 6C values. The relatively low &C value of CO, in the Katalla sample
(-37.9%0, Table 1) also suggests that this sample may have undergone methane

oxidation (Whiticar, 1999).
4.5. A, variability in microbial methane

We compared our dataset for microbial methane emissions from the Arctic and for the
methylotrophic methanogen culture experiment with existing clumped-isotope data for
microbial methane (Stolper et al., 2015, Wang et al., 2015). Fig. 8 depicts deviations
In 2aH20-CH4 and A;s (or Awucio) relative to their equilibrium values at the estimated
temperature of methane formation, following Stolper et al. (2015), and were calculated
as follows:

(10)AA18=18R18R*m18R18R*e-1x1000
(11)A20H20-CH4=20H20-CH4,m2aH20-CH4,e-1x1000
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Fig. 8. Compilation of microbial methane A, and A..... data, comparing the deviation in
measured A, or A, values relative to the expected value if the methane formed in
internal isotopic equilibrium vs. the deviation in measured 20H20-CH4 relative to the value
expected in heterogeneous phase isotopic equilibrium (for definitions of axis parameters
see Egs. (1), (1)). Data are from this study, Stolper et al. (2015), and Wang et al. (2015).
Data from Wang et al. (2015) (open points) were measured as A..«». The solid line
indicates values predicted by a model of the isotopic composition of methane formed by
hydrogenotrophic methanogens as a function of the reversibility of methyl-coenzyme M
reductase (Stolper et al., 2015), with reversibility decreasing away from the origin. The
gray triangle represents the 2aH20-cH4 value for the water-derived hydrogen atoms in the
methylotrophic culture sample under two assumptions: (a) 50% of methane hydrogen
atoms are derived from water; and (b) there is no D/H fractionation between methyl
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group hydrogen and methane. Representative x and y error bars are indicated in the
upper left corner.

Equilibrium values for *R/*R* and 2aH20-CH4 were based on the temperature
dependence of A, and 2aH20-CH4 presented by Stolper et al., 2014a, Stolper et al.,
2015, respectively. Measurements performed at the Massachusetts Institute of
Technology (MIT) by Wang et al. (2015) (unfilled symbols in Fig. 9) were reported as
A®CH,D, as these measurements were made using a spectroscopic method that only
measures the abundance of *CH.D (Ono et al., 2014). 2CH.D. is assumed to have a
minor influence on A, values in most natural samples (Stolper et al., 2014b), and our
analysis treats deviations from equilibrium A..c.e0 and A, values as comparable at the
scale of variability depicted here. AA....ovalues were calculated as in Eq. (10), but
substituting #c=°R/=ceR* for #*R/**R*. Equilibrium values for =c*°R/=°R* were derived
from the calculations of Webb and Miller (2014). Water 8D data for culture samples
were not presented in Wang et al. (2015), so we assumed a value of —=50%o. as an

estimate for laboratory water at MIT (Bowen et al., 2007).
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Fig. 9. Scatter plot of log CH. flux vs. A, for (A) Alaskan lacustrine seep samples and (B)

Stordalen lake samples. The Alaskan samples were collected at

localized methane seeps and their fluxes are calculated on a per trap basis. The
Stordalen samples were not collected at specific sites of methane seepage, and their
flux is normalized to the area of the trap. A positive linear regression fit for microbial
methane samples from Alaska (excluding samples where mixing or diffusion effects
have likely altered primary A, values) is shown in (A).

Several key patterns emerge from this compilation. First, all marine samples cluster
near the defined equilibrium values, while all other sample categories show variability in
A and 20H20-CH4, with values that deviate substantially from equilibrium (Eig. 8). This
difference has been noted previously (Stolper et al., 2015, Wang et al., 2015), and may
be related to either slower rates of methanogenesis in marine environments, or to
anaerobic oxidation reactions causing the isotopic equilibration of methane, as
suggested for the equilibration of 3:C values (Yoshinaga et al., 2014, Stolper et al.,
2015).

Second, the methylotrophic methanogen culture analyzed in this study is clearly distinct
from previous hydrogenotrophic methanogen cultures, in that it exhibits much

lower A2aH20-CH4values relative to its departure from equilibrium A... This difference
could be related to different sources of hydrogen, since fermentative methanogenesis is
thought to derive ~75-50% of its hydrogen atoms from methyl groups of substrate
molecules (Pine and Barker, 1956, Schoell, 1980, Sugimoto and Wada, 1995, de Graaf
et al., 1996, Waldron et al., 1999, Chanton et al., 2006), whereas hydrogenotrophic
methane derives its hydrogen atoms either from water or from H, that is assumed to be
in isotopic equilibrium with water (Daniels et al., 1980, Schoell, 1980, Balabane et al.
1987, Sugimoto and Wada, 1995, Valentine et al., 2004).

If we assume that 50% of the hydrogen in the fermentative culture methane is derived
from the substrate methanol, and that there is no isotopic fractionation between
methanol and methane, by mass balance the 2aH20-CH4 value for the remaining two
methane hydrogen atoms is 2.01. Plotting this value in Fig. 8 (with a gray triangle)
brings the methylotrophic culture much closer to the data from the hydrogenotrophic
methanogen experiments. Assuming that 75% of the hydrogen atoms are from the
substrate methanol results in a much larger 2aH20-CH4 value of 13.5 (not plotted
because it does not fit on the scale of Fig. 8). This calculation depends on the
assumption that there is no hydrogen isotope fractionation between methyl group
substrates and methane. We are aware of one isotopic labeling study that suggests
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minimal hydrogen isotope fractionation between acetate and methane during

fermentative methanogenesis (Pine and Barker, 1956). We note however, that

differences between the aceticlastic and methylotrophic pathways could lead to larger
hydrogen isotope fractionations in methyl hydrogen from methanol. While not well
constrained, this calculation suggests that it is possible that the differences in A2aH20-
CH4—-AA.; space between the hydrogenotrophic and methylotrophic methanogen
cultures could be a result of their differing hydrogen sources.

Alternatively, kinetic isotope effects for both 2aH20-CH4 and A.could differ between
different pathways of methanogenesis. Such differences could be caused by differences
in kinetic isotope effects associated with the enzymes used by different methanogenesis
pathways, and may be especially important with respect to the distinctive metabolism of
the genus Methanosarcina (Smith and Ingram-Smith, 2007). Furthermore, relatively
lower A,; values in fermentative methane could be caused by an inherited kinetic
clumped isotope signature in the methyl group of the substrate molecule (i.e. acetate or
methanol) (Wang et al., 2015). Whatever its cause, the difference in trajectories
followed in a plot of A2aH20-CH4 vs. AA, potentially provides a means of distinguishing
fermentative and hydrogenotrophic methane.

Third, the hydrogenotrophic culture samples are also clearly distinct from freshwater
methane samples (Fig. 8). This suggests that non-equilibrium isotope fractionation in
freshwater methanogenesis follows a trajectory in A2aH20-CH4—AAspace that is
distinct from that of the studied hydrogenotrophic methanogen cultures. Comparison
with the methylotrophic culture suggests that the trajectory in freshwater methane may
be related, at least in part, to fermentative methanogenesis, which is inferred to be
dominant in many freshwater ecosystems (Whiticar et al., 1986, Whiticar, 1999). As
discussed above, this trajectory may be in part controlled by differences in the hydrogen

source between hydrogenotrophic and fermentative methanogens.

Fourth, a model of kinetic isotope effects in methanogenesis, described in detalil

in Stolper et al. (2015), fits some of these data (Fig. 9B), and predicts the general trend
observed. There are, however, also clear deviations from the model prediction. For
example, some hydrogenotrophic culture samples exhibit higher AA,; values and

lower A2aH20-CH4 values than the model prediction. In contrast, some freshwater

and serpentinization samples, as well as the fermentative culture sample, exhibit lower
AN values and higher A2aH20-CH4values than the model prediction. These
discrepancies are almost certainly related to the simplicity of the model, which assumes
a single kinetic isotope effect in methanogenesis during hydrogenation of a methyl
group to generate methane by methyl-coenzyme M reductase. Increased model
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complexity, through the addition of kinetic isotope effects at other reaction steps, could
potentially accommodate this complexity, but is beyond the scope of this paper.
Additionally, differences in the fractional contribution of hydrogen atoms from water,
differential kinetic isotope effects of enzymes in different pathways of methanogenesis,
or inherited non-equilibrium clumped isotope values from methyl substrates could
influence the expression of A, and 2aH20-CH4 values in fermentative microbial
methane and contribute to deviations from the model prediction.

4.6. Implications for natural Arctic methane emissions

Understanding the future responses of methane emissions in the Arctic is an important
component of predicting carbon cyclefeedbacks to anthropogenic greenhouse warming
(Schuur et al., 2008, O’Connor et al., 2010, Koven et al., 2011). The data presented in

this study demonstrate that clumped-isotope analyses can help to distinguish microbial

and thermogenic methane, can differentiate between different sources of microbial
methane (i.e. deep vs. shallow methanogens), can identify mixtures of methane with
different origins, and can provide new insights into the properties of those mixtures.
Temporal monitoring of As values, in tandem with other isotopic measurements, could
prove especially valuable in understanding how the relative flux of different methane
sources vary with changing environmental conditions.

The clumped-isotope data presented in this study confirms the presence of diverse
sources of methane in lakes from three regions of Alaska. On the North Slope,
thermogenic methane, coal-bed microbial methane, and lake sediment microbial
methane are emitted from seeps within 100 km of one another. In Southeastern Alaska,
the studied seeps emit variable mixtures of methane from high- and low-temperature
formation environments. Our results are consistent with the finding of Walter Anthony et

al. (2012) that some ebullitive seeps in Alaskan lakes emit methane from deep
subsurface reservoirs of either thermogenic or microbial origin. Comparing A, results
with methane flux estimates makes clear that some seeps associated with deep
subsurface reservoirs emit methane at significantly higher flux than the bubble fluxes of
microbial methane produced in lake sediments (Fig. 9). While this does not constrain
the relative fluxes of these different methane sources to the atmosphere, it does
highlight that deep subsurface methane reservoirs can contribute to large point sources
of natural methane emissions. The A, of methane samples from the Beaufort Shelf and
Slope are consistent with formation in low temperature shallow environments, and imply
that high temperature methane reservoirs need not be invoked to explain high-flux
methane point sources in the Arctic Ocean.
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Arguably the most important methane-related feedbacks to global warming will be
associated with microbial methane emissions from wetlands, lakes, and other

surficial aquatic environments (O’Connor et al., 2010, Fisher et al., 2011). Our
understanding of non-equilibrium A, signatures in microbial methane is currently
incomplete, but the available data are consistent with the hypothesis that the
reversibility of methanogenesis influences A values. In the Fairbanks, North Slope and
Stordalen Mire lakes the large variability in Asvalues suggest a wide range of kinetic
isotope effects associated with methanogenesis (Fig. 7), as well as possible isotope
effects related to methane diffusion or oxidation leading to high A;; values at Killarney
Lake. Future studies of pure cultures and natural methane samples will further
illuminate the controls on non-equilibrium A, values, and this measurement could
become a useful indicator of methanogenesis biochemistry and its response to
environmental change.

In seeps emitting microbial methane from Alaska, excluding samples from Southeast
Alaska and Killarney Lake where mixing or diffusion probably cause elevated A, values,
we observe a positive correlation between methane flux and A.(Fig. 9A). We suggest
that within this sample set, stronger kinetic isotope effects during microbial
methanogenesis, which cause lower non-equilibrium A, values, are associated with
lower fluxes. One possible explanation for this association relates to differences in the
source and transport mechanism for different categories of methane seeps. Walter et al.
(2008)hypothesized that high-flux ‘hot-spot’ seeps in thermokarstlakes that exhibited
older “C ages represented conduits that integrated methane production across a
relatively large volume of deep, Pleistocene-aged sediments. In contrast, lower-flux
seeps with younger “C ages emitted methane produced in a relatively small volume of
shallow sediments.

The A, data suggests that methane being emitted from high-flux seeps is produced with
reduced kinetic isotope effects, possibly indicating slower rates of growth in deeper
environments with limited substrate availability. This pattern is also consistent with the
observation of higher A,; values in methane with older “C ages (Fig. 7F). If this is the
case, it would imply that the high fluxes of methane from these ‘hot-spot’ seeps is
primarily controlled by the large source volume of methane producing sediments,
despite relatively slow kinetics of methanogenesis. We do not observe a correlation
between flux and A in microbial methane from the Stordalen lake samples. This
suggests that in these glacial lakes in discontinuous permafrost, where there are not
clearly defined methane seeps, there is no apparent relationship between methane flux
and the kinetics of methanogenesis.
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5. Conclusions

We have presented a survey of the clumped isotope composition of methane emissions
from Arctic environments, alongside measurements of dD, 8=C, and A“C. Our analysis
of methane from lake ebullition seeps in Alaska indicates a diverse set of origins,
including thermogenic methane, mixed microbial and thermogenic methane, microbial
methane formed in isotopic equilibrium in marine and coal-bed environments, and
microbial methane produced in lake sediments exhibiting non-equilibrium

clumped isotope effects. Our results confirm that some lacustrine seeps emit methane
formed in deep subsurface environments at temperatures ranging from 9 + 14 to

102 £ 23 °C. A, values from seeps on the Beaufort Shelf indicate low formation
temperatures consistent with methane formation in sediments or sub-permafrost
environments. While A;; values of coal-bed and marine microbial methane indicate
plausible equilibrium formation temperatures, microbial methane produced in lake
sediments in Alaska and Sweden are characterized by low A, values indicating non-
equilibrium isotope effects. Mixing between isotopically-distinct methane sources
produces a distinctive non-linear trajectory in Aivalues that can be used to help
characterize the mixing end-members.

Comparison of A, and 2aH20-CH4 data from microbial methane produced in lake
sediments supports the hypothesis that non-equilibrium A,; values are controlled, at
least in part, by kinetic isotope effects related to the reversibility of methanogenesis.
Both methane analyses from these lakes and a pure culture of a

methylotrophic methanogen, however, follow a trajectory in 2aH20-CH4—-A,; space that
differs from that for cultures of hydrogenotrophic methanogens, which could either
reflect differential effects of methanogenesis pathway on A values, or differences in
apparent hydrogen isotope fractionation related to the source of methane hydrogen. We
observe a wide range of non-equilibrium A, values in ebullitive methane fluxes,
spanning a range of about 5%o., implying that kinetic isotope effects during
methanogenesis are highly variable in lacustrine environments.
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Appendix 1: Interlaborotory comparison of methane 6D and 6=C data
Aliquots of the methane samples from the Alaskan lakes and Beaufort Sea were
previously analyzed for 8D and 6=C using a gas chromatography-isotope ratio mass
spectrometry method at either Florida State University, the University of Alaska, or
Isotech Laboratories (Paull et al., 2011, Paull et al., 2015, Brosius et al., 2012, Walter
Anthony et al., 2012). The 8D and 6=C values measured using the Ultra are typically
depleted in 8D and &=C relative to the previous measurements, with an average
deviation of =2 + 8%o for 8D and —1.1 £ 0.5%. for 8=C (Fig. A1l). We ascribe this
difference to interlaboratory measurement artifacts. The Ultra measurements are
anchored to off-line combustion and water reduction techniques, coupled with dual inlet
mass spectrometry, performed in the laboratories of A. Schimmelmann at Indiana
University (Stolper et al., 2014a). The techniques used in most conventional stable
isotope laboratories have other bases for standardization, and the methane isotope
community as a whole is currently organizing a broader interlaboratory approach to

standardization. Thus, we do not believe we can currently resolve these discrepancies
in our study, but they should be resolvable in the near future. In any event, these
differences do not affect the interpretation of the results presented here. As all of our
measurements are internally referenced to the same standard, issues of inaccuracy in
oD or 6=C of a few per mil make no difference to the A, measurements beyond the
stated error of the measurement. The lower 8D and &=C values measured by the Ultra
are not consistent with gas-phasediffusion-related fractionation caused by leakage of
gas during storage, which would lead to both the dD and 6=C values of residual
methane being higher by the same amount (Criss, 1999). Additionally, oxidation during
storage should have led to increases in 8D and 8=C as well, although by different
amounts (Whiticar, 1999).
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Fig. A1. Comparison of 5=C (A) and 8D (B) values for samples in this study measured

on the Ultra and in external laboratories. The solid black line indicates a 1:1 relationship,
and the dashed line indicates the linear regression fit for the data. One outlier sample
(Goldstream 40A) is indicated by a filled symbol, and is not included in the linear
regression fit.

For one sample (Goldstream 40A) we observe much larger deviations between the
previously measured isotope values (difference of —64%o. in dD and —7.3%o in =C).
While we are uncertain of the cause of this discrepancy, we proceed with an
interpretation of this sample based on the stable isotope measurements made using the
Ultra (with the simple reasoning that at least we know these values apply directly to the
aliquot of gas for which A, was measured).

Appendix 2: Standardization and error estimates for clumped isotope
measurements

In each session we measured methane with different isotopic compositions equilibrated
on a nickel catalyst at 500 °C to determine whether A,; values were dependent on
average molecular methane isotopic composition. These methane samples ranged from
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—78%0 t0 —340%o0 in OD, from —34%o to —42%o in 0:*C, and from 121%o to —198%. in d.

o* is defined as:
(Al)d18=18Rsample/18Rstandard-1

and is expressed in per mil (%o) notation. The standard for d*values is the laboratory
internal methane standard, which has a defined value of 0%. (see Section 2.5). In
previous studies, it was demonstrated that there was not a significant dependence of
A values on the bulk isotopic composition of the gases (Stolper et al., 2014a, Stolper et
al., 2014b, Stolper et al., 2015). However, in some of the measurement periods for this
study a linear dependence of A, on the bulk composition of the sample (indicated by

o* values) was apparent (Fig. A2). In particular in the final measurement period, in
which a total of 10 heated gas measurements were made, the linear dependence of

s on & was consistent throughout the session (Fig. A2A). In this session we also
tested the observed dependence by measuring gases heated at 200 °C, in which we
observed a linear relationship between A,; on & with the same slope as the relationship

for the gases heated at 500 °C (Fig. A2A).
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Fig. A2. Plots of &= vs. A, for heated methane standards, indicating the relationship
between these values for (A) the measurement period from April to August 2015 when
the dependence of A, on &= was most clearly documented; and (B) for earlier
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measurement periods. In (A) results for methane heated to both 500 and 200 °C are
shown. A.values equivalent to methane equilibration at 500 and 200 °C are shown on
the right side of the plots. The average difference recovered for the 500 °C and 200 °C
heated gases (1.59%o) is within 1 o of the predicted difference based on the calibration
given in Stolper et al. (2014a) (—1.78%o).

This effect appears to be similar to the dependence of A., to bulk isotopic composition in
CO, clumped isotope studies (Huntington et al., 2009, Dennis et al., 2011). We do not
know the origin of this effect, but hypothesize it is related to background effects that
were not present in previous studies or ion scrambling that has changed from the
previous sessions. Based on this observed dependence of A, on & we applied a
heated gas correction, similar to that applied in analyses of mass 47 CO., (Dennis et al.,
2011), using the equation:

(A2)A18HG=A18M-(518xm+b)

where A IS the corrected value, Ay is the raw measured value, and m and b are
slope and intercept parameters defined for each measurement period by the
relationship between A..sand &* for heated gases (Fig. A2). Our basis for a constant set
of parameters for a given measurement period is that the values for m and b remained
constant over the course of the most recent, 15 week measurement period where the
slope was most prominently observed (Eig. A2A). For the sake of internal consistency,
and because doing so improved the reproducibility of samples analyzed in multiple
measurement periods, we corrected all other measurement periods in this study
following this protocol (Fig. A2B). We note, however, that the evidence for this
dependence is not as strong in some of these measurement periods (Fig. A2B). For
example, in one measurement period (April 2014) we did not measure a heated gas
depleted in & (& < —20%o relative to the internal reference standard). The heated gas
correction is therefore less certain for this session for methane with d* values below
—20%o0. Subsequent replicate analyses of two samples measured in this measurement
period (Goldstream Hotspot; Killarney Lake) indicate a 2SE uncertainty of 0.7%.. This
uncertainty is larger than that of other replicate measurements, but does not affect the
interpretation of these samples.

To ensure accuracy and precision of our measurements, especially in the context of the
newly applied correction, the external precision of measurements was monitored by
analyzing a standard differing in 8D (+56%o), 0:°C (+33%o0), and &' (+92%o) relative to the
laboratory internal standard. External precision for A, across all measurements was
+0.38%o0 (1 standard deviation, o; n = 16), and is offset in A, by —0.06%. from the long-
term average of the standard over 2.5 years of measurements (1.6%o). The standard
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deviation for measurements of this external standard was larger than previously
observed in studies from this instrument (£0.19%o in Stolper et al., 2014b; £0.23%o

in Stolper et al. (2015), for unknown reasons. For this reason we applied conservative, 2
SE uncertainties to our A values.

In two sessions we observed drift in the standard used to normalize data from a
measurement session to a unified dD and A, reference frame (Stolper et al., 2014b).
We corrected for this drift by measuring the standard used for the correction multiple
times over the course of these sessions and assumed the values required for sample
correction changed linearly with time between observations of the standard. The quality
of the correction was checked through multiple measurements of a secondary standard
in all sessions and re-analysis of at least some samples in other sessions. For both
sessions, average A, values of the secondary standard were within 2 standard errors (2
SE) of its long-term average (A =1.6): 1.54 +0.48 (n =4) and 1.46 £ 0.18 (n = 11).
Ten of the samples analyzed for this study were analyzed as replicates, in some cases
in multiple measurement periods. The 2 SE standard error in A, for these replicate
analyses (n = 2 for all replicates) ranged between 0.03%. and 0.80%.. The pooled
standard deviation for replicate analyses (defined as the 1o standard deviation of the
residual of individual measurements from the sample mean) is 0.21%o.

Appendix 3: Details of isotopic mixing model

The mixing model presented in this study calculates the trends in plots of 3*C vs.

As and 8D vs. A, created by fractional mixing of specified end member isotopic
compositions. We performed these mixing model calculations using isotope ratiosas the
primary measure of composition (i.e., as opposed to & or A values, which are less
suitable as proxies for concentration in such models). Test calculations based on
fractional isotopic abundance (a more accurate but laborious approach) were within
error of the calculations performed with isotope ratios. The governing equations in our
mixing model include, in addition to Eqgs. (1), (1), (1) above:
(A3)13Rm=ftx13Rt+(1-ft)x13Rb

(A4)2Rm=ftx2Rt+(1-ft)x2Rb

(A5)18Rm=ftx18Rt+(1-ft)x18Rb

where R, R,, and R, represent the isotope ratios of a given fractional mixture (m), or of
the thermogenic (t) or biogenic (i.e. microbial; b) end-members, respectively, while
superscript numbers denote the applicable isotopes. f; is the fraction of thermogenic gas
in a given mixture. While these terms imply a high-temperature thermogenic end-
member, we note that a high-temperature microbial end-member is also possible.
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The A, mixing model assumes linear, conservative mixing of 8=C, and 8D values
between only two end-members (Fig. 7A). The assumption of only two end-members
requires that end-member dD and 4=C values fall along a mixing line defined by the
sample dD and &=C values (Fig. 7A). This means that, for a given end-member 5=C
value, the end-member 8D value is directly constrained by the dD—-5*C mixing line. The
thermogenic end-member dD and =C values predicted by the A“C-4=C (Fig. 7C) and
A*C-3D (not shown) mixing lines plots on the dD—-5=C mixing line for Lake Eyak
samples (Fig. 7A), which validates our approach. Note that there are different 3D—-5=C
mixing lines depending on the inclusion of the PWS sample (Eig. 7A).

Using a Monte-Carlo approach, we randomly sampled 100,000 sets of $=C and

A values, with a uniform distribution, for the thermogenic and microbial end-members,
from a wide range of possible values (Fig. 7B). As discussed above, end-member 8D
values were directly constrained by end-member 6C values and were not specified.
For the microbial end-member, A,values were allowed to range from 8.4%o. (defined by
sample Eyak-3) to —0.5%o (the lowest value observed in a natural methane sample in
this study; Table 2). Microbial end-member 6C values were allowed to range from
—74%o (defined by sample Eyak-3) to —120%o. (based on the empirical range of microbial
methane 6=C; Whiticar et al., 1986). Thermogenic end-member A,; values were allowed
to range from 6.2%. (defined by sample Eyak-1) to 1.5%0 (an upper temperature limit of
300 °C; Quigley and Mackenzie, 1988, Clayton, 1991). Thermogenic end-member &=C
values were allowed to range from —20%. (an empirical upper limit for thermogenic
methane; Whiticar et al., 1986) and —47%o. (defined by sample Eyak-1). We then
calculated the resulting mixing lines in *C-A,; and dD-A.; space for each set of end-
member compositions. A set of end-member values was determined to be acceptable if
its mixing line passed within the 2 SE error of the 82C-A,; and dD-A,; compositions of
each of the sample measurements (Table 2). The acceptable sets of end-member
values define 82C-A;s (Fig. 8B) and dD-A,; (not shown) mixing lines.
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where 2R and 1R are the ratios D/H and 3C/2C respectively.
8D and 5'3C data are expressed as per mil (%) values (Coplen,
2011).

Clumped isotope compositions are expressed using Aqg
notation (Stolper et al., 2014a):

A = (*R/BR* - 1) (3)
where
"R = (['**CH3D] + ["*CH;D;])/["*CH,] (4)

The specified isotope ratios are measured from the
corresponding ion beam current ratios, standardized by
comparison with a standard of known composition. 18R * is the
18R value expected for a random internal distribution of
isotopologues, given the 8'3C and 8D values of the sample
(Stolper et al., 2014a), and is expressed as:

1BR* =(ﬂ X [2R]2)+[4 AR % PR (5)

The factors (‘6" and '4') in Eq. (5) derive from the symmetry
numbers of the mass 18 methane isotopologues (Stolper et al.,
2014a). A4 data are reported as per mil (%.), where 0%, refers
to a random distribution of methane isotopologues (i.e.,

8R = 18R *). All samples are referenced against a laboratory

L I o L N T



ﬂlfl{: —{Fh't + ﬁ,ll:lﬁﬁﬂ Yej _ 1}

13
Boaoo,cn, = PReo, /Y Ren,

2 2
2o, 001, Ru,o0/“Rcm,

518 —{ISR-_,-amp].:leRsnanda:d e 1}

lfl-Rm =(ff. e 13R1)+({] o fz} > HRb}
"R =(f; % *Re)+((1 - f;) x *Rs)
PR =(fi x PRe)+((1 - £) x P Ry)

(7)

(8)
(9)

(A1)

(A3)
(Ad)

(A9)



	Diverse origins of Arctic and Subarctic methane point source emissions identified with multiply-substituted isotopologues
	Abstract
	Keywords
	1. Introduction
	2. Methods
	2.1. Study sites
	2.2. Sample collection
	2.3. Culture preparation
	2.4. Methane purification
	2.5. Methane stable isotope measurements
	2.6. Other isotope measurements
	2.7. Gas concentration and flux measurements

	3. Results
	3.1. Methane δD and δ13C data
	3.2. Methane clumped isotope data
	3.3. Methane flux and radiocarbon data
	3.4. Methylotrophic methanogen culture

	4. Discussion
	4.1. Thermogenic methane
	4.2. Equilibrium microbial methane
	4.2.1. Microbial methane from the Beaufort shelf and slope
	4.2.2. Deep subsurface microbial methane emitted from Alaskan lakes

	4.3. Non-equilibrium microbial methane
	4.3.1. High Δ18 in microbial methane from Lake Killarney

	4.4. Mixtures of thermogenic and microbial methane
	4.5. Δ18 variability in microbial methane
	4.6. Implications for natural Arctic methane emissions

	5. Conclusions
	Acknowledgments
	Appendix 1: Interlaborotory comparison of methane δD and δ13C data
	Appendix 2: Standardization and error estimates for clumped isotope measurements
	Appendix 3: Details of isotopic mixing model
	References




