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Slower Rates of Methanogenesis in Northern Lakes

Peter M. J. Douglas™* (), Regina Gonzalez Moguel', Katey M. Walter Anthony®, Martin Wik* (),
Patrick M. Crill* (2), Katherine S. Dawson?° (), Derek A. Smith*°, Ella Yanay*’, Max K. Lloyd?>®,
Daniel A. Stolper®, John M. Eiler?, and Alex L. Sessions>

1Department of Earth and Planetary Sciences, McGill University, Montreal, QC, Canada, Division of Geological and
Planetary Sciences, California Institute of Technology, Pasadena, CA, USA, *International Arctic Research Center,
University of Alaska-Fairbanks, Fairbanks, AK, USA, 4Department of Geological Sciences and Bolin Centre for Climate
Research, Stockholm University, Stockholm, Sweden, 5Department of Environmental Sciences, Rutgers University, New
Brunswick, NJ, USA, 6Department of Biology, Case Western Reserve University, Cleveland, OH, USA, 7Department of
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Abstract The release of long-stored carbon from thawed permafrost could fuel increased
methanogenesis in northern lakes, but it remains unclear whether old carbon substrates released from
permafrost are metabolized as rapidly by methanogenic microbial communities as recently produced
organic carbon. Here, we apply methane (CH,) clumped isotope (A;g) and 14C measurements to test whether
rates of methanogenesis are related to carbon substrate age. Results from culture experiments indicate that
A;g values are negatively correlated with CH, production rate. Measurements of ebullition samples from
thermokarst lakes in Alaska and glacial lakes in Sweden indicate strong negative correlations between CH,4
Aqg and the fraction modern carbon. These correlations imply that CH, derived from older carbon
substrates is produced relatively slowly. Relative rates of methanogenesis, as inferred from A;g values, are
not positively correlated with CH, flux estimates, highlighting the likely importance of environmental
variables other than CH,4 production rates in controlling ebullition fluxes.

Plain Language Summary There is concern that carbon from thawed permafrost will be emitted
to the atmosphere as methane (CH,). It is currently uncertain whether old organic carbon from thawed
permafrost can be converted to CH, as rapidly as organic carbon recently fixed by primary producers. We
address this question by combining radiocarbon and clumped isotope measurements of CH, from lakes in
permafrost landscapes. Radiocarbon (**C) measurements indicate the age of CH,4 carbon sources. We
present data from culture experiments that support the hypothesis that clumped isotope values are
dependent on microbial CH, production rate. In lake bubble samples, we observe a strong correlation
between these two measurements, which implies that CH4 formed from older carbon is produced relatively
slowly. We also find that higher rates of CH, production, as inferred from clumped isotopes, are not linked to
higher rates of CH, emissions, implying that variables other than CH, production rate strongly influence
emission rates.

1. Introduction

Thawing of permafrost provides previously frozen organic carbon to anaerobic microbial communities
whose respiration releases CO, and CH,. The release of these greenhouse gases constitutes a positive feed-
back to global warming, with a potential contribution of 174 Pg of carbon to the atmosphere by 2100 (Koven
et al., 2011; Schuur et al., 2015). Specific attention has been directed to the potential for lakes in permafrost
regions to act as CH, emissions sources (Walter Anthony et al., 2018; Wik et al., 2016). Much of this CH,
could be derived from carbon reservoirs that have been frozen and unavailable for microbial respiration
for thousands of years (Walter Anthony et al., 2016), which represents a net input of carbon into the active
Earth surface carbon cycle (Archer et al., 2009). 14C measurements of CH, are an excellent tracer for the age
of carbon sources for methanogenesis. However, *C measurements of CH, in northern lakes span a large
range (modern to >50,000 years old) (Bouchard et al., 2015; Elder et al., 2018; Walter et al., 2008), and our
understanding of the mechanisms that control this variability remains limited.
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If old organic carbon released from permafrost is less reactive than recently fixed carbon, this may limit
microbial metabolisms fueled by older carbon, including methanogenesis. This premise is based on the
observation that in sediments and soils, older organic carbon is generally less reactive with respect to micro-
bial degradation (Middelburg, 1989; Trumbore, 2000). Recent studies have found, however, that
14C-depleted organic carbon from permafrost can be highly reactive (Ewing et al., 2015; Heslop et al., 2019;
Mann et al., 2015; Vonk et al., 2013).

CH, stable isotope measurements have the potential to identify differences in CH,4 production rates and how
they relate to carbon substrate age. In particular, measurements of multiply substituted isotopologues, or
clumped isotopes (Ono et al., 2014; Stolper, Sessions, et al., 2014; Young et al., 2017), in microbial CH, are
hypothesized to be controlled by the enzymatic reversibility of CH, production (Gruen et al., 2018; Stolper
et al., 2015; Wang et al., 2015). Enzymatic reversibility of methanogenesis is a function of the forward and
reverse reaction rates of methanogenesis (Stolper et al., 2015) and is therefore directly related to the net rate
of CH, production.

In this study, we combined analyses of clumped isotopes (A;g; see definition in Section 2) and *C in samples
of CH, emitted in bubbles from eight lakes associated with permafrost in Alaska and Sweden to test whether
there is a linkage between relative rates of microbial methanogenesis and the age of carbon substrates. The
five lakes from Alaska are thermokarst lakes formed by the thaw of ice-rich permafrost (Douglas et al., 2016;
Elder et al., 2019; Walter et al., 2008), while the three Swedish lakes are postglacial lakes surrounded by
thawing discontinuous permafrost (Wik et al., 2013). To support this analysis, we also present a compilation
of new and published A,z and A'*CH;D measurements from culture experiments to provide empirical evi-
dence that clumped isotope values are related to CH, production rate. Finally, we compare A5 and *C mea-
surements with CH, ebullition flux estimates to inform conceptual models of how CH,4 production rate
relates to lake ebullition fluxes.

2. Methods
2.1. Lake Ebullition Sampling

Ebullition gas samples from the Alaskan lakes (Qalluruqg, Cake Eater, Goldstream, Doughnut, and Smith)
were collected from submerged, umbrella-style bubble traps, following methods described by Walter
et al. (2008), between 2009 and 2013. Bubble traps were fixed in place over identified bubble seeps.
Ebullition gas samples from the Stordalen lakes (Inre Harrsjon, Mellersta Harrsjon, and Villasjon) were col-
lected using submerged inverted funnels, as described by Wik et al. (2013), in 2013 and 2014. The Stordalen
traps were distributed evenly across the lakes since no coherent bubble seeps were identified. Lake locations
and classifications are described in more detail in previous studies (Douglas et al., 2016; Walter et al., 2008;
Wik et al., 2013).

2.2. Pure Culture Experiments

Pure cultures of Methanosarcina acetivorans (Sowers et al., 1984) (Strain DSM 2834; DSMZ GmbH) were
grown on a carbon substrate of methanol (MeOH) or trimethylamine (TMA). Cultures in Batch 1 and
Batch 2 (Table S1 in the supporting information) were grown in 1 L glass vials in 350 mL of sterile media,
while cultures for Batch 3 were grown in 40 mL glass vials in 20 mL of sterile media (Text S1). All cultures
were grown under a headspace of N, gas at a pressure of 150 kPa. Batch 1 and 2 cultures included 5 mL of
either 99.9% MeOH or TMA as a carbon substrate, while Batch 3 cultures included 0.25 mL of 99.9% MeOH
(Table S2). The culture bottles were kept in an incubator at 28°C and shaken at 35 rpm. Headspace CH,4 con-
centrations were either measured prior to sampling for isotopic analysis using an Agilent HP
5890GC-5972MSD (gas chromatograph-mass selective detector; Batch 2) or were measured manometrically
during CH,4 preparation for isotopic analysis (Batches 1 and 3). Immediately following CH, concentration
measurements, aliquots of headspace gas were sampled using a 5 mL gas tight syringe for isotope measure-
ments (see Section 2.6). Culture incubation times are listed in Table S2.

2.3. Enrichment Culture Experiments

Enrichment cultures were established using sediments from two aquatic environments in Southern
California: Baxter Pond, an artificial pond on the Caltech campus (Stolper et al., 2015); and the Ballona
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wetlands, a coastal marsh. Cultures were grown in a headspace of 80:20 H,:CO,, in a sterile media (Text S1),
with 180 uL of 1 M sodium acetate. The cultures were transferred every 5 days, with an additional 180 uL of
1 M sodium acetate added at each transfer. Twenty days after the fifth transfer, the cultures were analyzed
for headspace CH, concentrations using an Agilent HP 5890GC-5972MSD and sampled for isotopic analysis.

2.4. Estimation of CH, Production Rates in Culture Experiments

We estimated the net CH, production rate (r,e; mg CHy hr™! ml media™?) using the following equation:

Tnet = fcmt#s‘i]nwcml ) (1)
where fcpy is the fractional concentration of CH, in the culture headspace, Vi is the volume of the head-
space (in L), P is the headspace pressure (kPa), Mcp4 is the molar mass of CH4 (mg mol™Y), R is the ideal gas
constant, T is temperature (K), ¢ is the time from culture inoculation to sampling (hours), and Vy, is the
volume of the culture media (ml). CH, production rates for experiments performed at MIT were calculated
from data reported by Gruen et al. (2018).

2.5. CH4 Radiocarbon Measurements

CH, *C/"C ratios for the Alaskan lake samples were measured at the National Ocean Sciences Accelerator
Mass Spectrometry facility, as described by Brosius et al. (2012) and Walter Anthony et al. (2012). **C/**C
analysis for the samples from Stordalen mire was analyzed at the A.E. Lalonde Accelerator Mass
Spectrometry Laboratory (University of Ottawa), using a preparation procedure based on that of Pack
et al. (2015). Radiocarbon data are expressed in fraction modern (Fm) as defined by Stuiver and
Polach (1977). Blank tests were conducted alongside all sample *C analyses, and no evidence for significant
blank carbon was found.

2.6. Clumped Isotope and Other Stable Isotope Measurements

CH, was purified from mixed gas samples using a vacuum line cryotrapping method described previously
(Douglas et al., 2016; Stolper, Lawson, et al., 2014; Stolper, Sessions, et al., 2014), resulting in CH, purity
of ~99.9%.

CH, 8D, 8'3C, and Aqg for all samples, except the Batch 3 pure culture experiments, were measured using a
prototype Thermo 253 Ultra (Eiler et al., 2013) at Caltech, as described in detail previously (Stolper, Sessions,
et al., 2014). The Batch 3 pure culture experiments were analyzed for CH, 8D, 8*3C, and A"*CH;D and for
three samples A'>CH,D,, using a production model Thermo 253 Ultra at the University of California,
Berkeley, as described by Eldridge et al. (2019). 8D and §"C values are expressed using delta notation rela-
tive to Vienna Standard Mean Ocean Water and Vienna Pee Dee Belemnite, respectively.

Most (90%) of the clumped isotope compositions presented here are expressed using A;g notation as
described by Stolper, Sessions, et al. (2014), where

Ay = (ISR/ISR*_ 1)7 )
and
18R = ([¥CH;D] + [*CH,D,])/["*CH,]. ©)

18R* is the '*R value expected for a random internal distribution of isotopologues, given the §'*C and 8D
values of the sample (Stolper, Sessions, et al., 2014) and is expressed as

BR* — (6 x [ZR]Z) + (4 x 2R x 1R). )

Aqg data are reported as per mil (%o), where 0%o refers to a random distribution of CH, isotopologues (i.e.,
18R = 18R"). All samples are referenced against a laboratory standard with a A;g value of 2.981 + 0.015%0
(Stolper, Sessions, et al., 2014). External reproducibility for A;g, 8D, and 813C values (1o) was 0.38 %o,
0.22 %o, and 0.06 %o respectively.
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CH, samples from the Batch 3 culture experiments were measured for 8D, §*C, and A"*CH;D and for three
samples A'>CH,D, A complete description of the analytical methods used for this measurement is found in
Eldridge et al. (2019). The equations for these measurements (corresponding to Equations 2-4), and details
on standards and reproducibility are listed in the Text S1. Where both ACH;D and A;g measurements are
discussed together we use the term A;g, as this is the more general term (Stolper, Sessions, et al., 2014).

83C of CO, from the Alaskan gas samples were measured at Florida State University, as described by Walter
Anthony et al. (2012).

2.7. Gas Concentration and Flux Measurements

The concentrations of CH4 and other gases in the Alaskan lake samples were measured at the University of
Alaska-Fairbanks, as described in Walter Anthony et al. (2012). For most Alaskan samples, bubble gas fluxes
are estimated using the average flux measurements of seeps from a given seep classification (Lindgren
et al., 2016; Walter Anthony & Anthony, 2013) (Table S1). In the Alaskan data set, all samples were collected
from identified point source seeps, and flux estimates were not dependent on the area of the traps.

CH, concentrations in the Stordalen lake samples were measured at the Abisko Scientific Research Station
as described by Wik et al. (2013). Gas fluxes were estimated by measuring gas volume accumulations in bub-
ble traps manually. To account for scaling effects related to the area of the traps, for these samples, we report
flux in terms of L CH4 day™" m ™2 (Table S1). In one case where a sample-specific flux was not available, we
adopted the 6-year average flux for that trap. In all samples, CH, flux was calculated by multiplying the esti-
mated gas flux by the measured CH,4 concentration.

2.8. Model of CH, Kinetic Isotope Effects

Predicted CH, kinetic isotope effects are based on the model of Stolper et al. (2015), with modifications of
two model parameters. First, we reduced xe ">*CH;D (the ratio of rate constants that describe the relative rate
of formation of two isotopologues from a methyl precursor for **CH;D/*2CH,) from 1.935 to 1.934 to account
for low A;g and Ajzcpsp values (~—5%o) observed in some culture experiments. Second, we reduced
x="2CH,D, (as above but for >CH,D,/"*CH,) from 1.89 to 1.63 to account for measurements of A'*CH;D
and A"CH,D, in CH, from pure culture experiments (Young et al.,, 2017) that indicate negative
A'CH,D; corresponding to negative A'>CH;D values.

The kinetic isotope effect model relates CH, isotopologue ratios to the degree of reversibility of CH, genera-
tion (p). In order to relate modeled A;g and Ay3cm3p values to net CHy production rates (ryer), we used the
following equation from Stolper et al. (2015):

12ch, k

o rev (5)
12ca, Krey +12cry et

o

where k.., and k. are the first-order rate constants of reverse methanogenesis and net extracellular 12cH,
production, respectively. These reaction constants are related to the net (r,,e) and reverse (1) reaction rates
of methanogenesis by the following relationships:

Tnet = knet [CH4L (6)
Irev = kreV[CH4]7 (7)

where [CH,] is the intracellular concentration of CH,.

Combining Equations 5-7, it follows that

r
Fnet = = T'rev- (8)
)

To compare the modeled relationship between A5/ A'3CH;D values and ry,e with empirical estimates of CHy
production rates from culture experiments, we made three assumptions. First, we assumed a constant value
for ryey (Timmers et al., 2017; Vavilin, 2013; Vavilin & Rytov, 2013), specifically 4 X 1074 mg CHy hr ' ml™%
This value was chosen because it produces the best fit, as defined by the lowest root mean square error
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Range of CH, production (RMSE = 0.87%0), between observed and predicted Ajzcysp and Agg
61 rates in thermokarst lake . .
incubation experiments values. Second, the model describes cell-specific values for rye, and ryet,
but we did not measure cell density for the pure and enrichment culture
§ al Range of A, experiments. This means that when comparing to the empirical results,
= values observed .
= | __—innorthem the assumed value of r,e, and modeled values of r,,¢; are instead expressed
= lake gas samples per volume of culture media. Third, the model was specifically developed
R 2r for hydrogenotrophic methanogenesis (Stolper et al., 2015), but we are
%, comparing it to CH, produced using four different substrates. See Text
9 S1 for a detailed rationale for these assumptions.
= 9
] Modeled Kinetic 3. Results and Discussion
= Fractionation
8 -2 A, 3.1. Clumped Isotope Values in Culture Experiments Reflect CH,
i - = - A"CHD Production Rates
EZ ab CH, sampled from freshwater ecosystems and from methanogen culture
< Qo+, M oTma experiments exhibits low or negative A;g values that indicate strong
V/ Acetate Enrichment A . e kinetic isotope effects (Douglas et al., 2016; Giunta et al., 2019; Gruen
6F | A MeOH 3\‘"":‘”‘5&%’;‘ N B et al., 2018; Stolper et al., 2015; Wang et al., 2015; Young et al., 2017).
. : . . . Isotopic models of hydrogenotrophic methanogenesis predict that this
-14 12 -10 -8 6 -4 2

log Methane production rate per volume of culture media
(In [mg CH, hr'ml™])

Fi%ure 1. Plot of the natural log of CH4 production rate (rpet) Vs. Ajg or
Al CH3D in pure and enrichment culture experiments. Data are from
Douglas et al. (2016), Gruen et al. (2018), and this study (new data indicated
by black dots). Solid and dashed lines indicate predicted values based on a
model of methanogenesis kinetic isotope effects (Stolper et al., 2015)
(Section 2.8). The gray rectangle indicates the empirical ranges of these two
variables observed in Alaskan thermokarst lakes, specifically the A;g values
of ebullition gas samples (this study), and CH,4 production rates of
incubated thermokarst lake sediments and thawed permafrost (Heslop

et al., 2015). Analytical errors for A;g or A13CH3D measurements (1o) are
smaller than the symbols. MeOH, methanol; TMA, trimethylamine.

kinetic isotope effect is controlled by the reversibility of the enzymatic
reactions of methanogenesis (Stolper et al., 2015; Valentine et al., 2004;
Wang et al., 2015). In pure culture experiments where CH, production
rate was measured, using four different carbon substrates, there is a non-
linear negative relationship between CH, production rate and A;g
(Figure 1). This finding supports the hypothesis that A;g in microbial
CH, varies as a function of the rate of methanogenesis.

Assuming a constant value for r.., (see Section 2.8), the relationship
between r, and Az predicted by a model of kinetic isotope effects
(Stolper et al., 2015) provides a good fit to the shape of the empirical rela-
tionship seen in the pure culture experiments. The two enrichment cul-
tures derived from wetland sediments indicate higher A5 values for a
given CH, production rate than the pure culture experiments, possibly
as a result of higher values of ., or the occurrence of anaerobic CH, oxidation (Figure S1). The modeled
relationship between r,,o¢ and A5 from the pure cultures spans a plausible range of values for northern lakes,
based on CH, production rates from incubation experiments of thermokarst lake sediments (Heslop
et al., 2015) (Figure 1). Although there is uncertainty in quantitatively relating A5 to CH, production rates
in environmental samples, we propose that A;g values can be used as an indicator of relative differences in
CH, production rates between samples.

3.2. Linkages Between Carbon Substrate Age and Rates of Methanogenesis

There is a significant positive correlation (p < 0.05) between A;g and Fm for both the Alaskan and Stordalen
lakes (Figure 2), although the relationship is offset to higher Fm values in the Stordalen lakes. Based on our
working hypothesis described above, the observed correlations imply that the rate of methanogenesis within
these environments is lower when CHy-producing microbial
carbon substrates.

communities metabolize older

Other biogeochemical variables, including variation in methanogenic pathways, methane oxidation, and
substrate depletion could also potentially influence A5 values in these environments, although the effects
of these variables on A;g are not well defined (Ash et al., 2019; Giunta et al., 2019; Gruen et al., 2018;
Wang et al., 2016; Young et al., 2017). However, the relationship between A3 and CH, production rate in
pure culture experiments appears to be consistent across different methanogenic pathways (Figure 1).
Furthermore, the absence of a significant correlation between CH, Fm and 8"°C values in these samples
(Figure S4) implies that variation in methane oxidation or substrate depletion is probably not controlling
the observed relationship between A,z and Fm (Hayes, 2001; Whiticar, 1999). Lake Qalluruq on the north
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| Alaska:
y=-0.1(x) + 0.58
[ R2=0.67
p=0.013

Stordalen: slope of Alaska may be anomalous because isotopic and gas composition
y =-0.06(x) + 1.07 | 0
R?=0.74

p = 0.006
12

data imply its CH, emissions are derived from microbial methanogenesis
in subpermafrost coal deposits that underlie the lake (Douglas et al., 2016;
Walter Anthony et al., 2012). If this lake is excluded, we still observe a sig-
nificant relationship between A3 and Fm for the Alaskan samples
(Figure 2).

Equilibrium A plausible mechanism linking A,g values and Fm is that older carbon
reservoirs have undergone a greater degree of microbial decomposition
(Middelburg, 1989; Trumbore, 2000) and therefore contain a greater pro-
portion of recalcitrant organic molecules that limit microbial metabo-
lisms. The range of A;g values in the Alaskan and Stordalen samples
overlaps, implying a similar range of CH, production rates in these eco-
systems despite the large difference in carbon substrate ages. The mean
age of organic carbon in the Stordalen lake catchments is significantly
younger than that in the Alaskan lakes, largely due to the Stordalen lakes
catchments history of Holocene deglaciation (Walter Anthony et al., 2016).

14C KYr Before Present

0 2

Differences in organic matter reactivity could explain the different
A,g-Fm relationships between the Alaskan and Stordalen sample sets. In

B Central AK
A North Slope AK

Stordalen
Mire

the Alaskan thermokarst lakes, old organic matter has largely been stored
frozen and was therefore subject to limited decomposition and could

Figure 2. Plot of A;g vs. Fm for both sets of CH4 samples. The dashed red
line indicates the equilibrium A;g value at 4°C. Dotted lines indicate the
95% confidence interval for linear regression fits. The dashed black line
indicates the Alaskan regression fit excluding Lake Qalluruq

(y = —0.11x + 0.59; R = 0.64; p = 0.03). Horizontal error bars indicate the
analytical error (20) for A;g measurements. Analytical errors for Fm values

are smaller than the symbols.

remain relatively reactive (Ewing et al., 2015). In contrast, the organic
matter in the Stordalen lake sediments is not predominantly derived from
thawed permafrost (Kokfelt et al., 2010) and therefore is more likely to
become increasingly refractory with time. The reactivity of organic carbon
is also likely influenced by active layer dynamics prior to freezing. For
example, yedoma is composed of eolian deposits (Schuur et al., 2015)
and undergoes different soil formation processes than other
terrestrial permafrost.

It is noteworthy that organic matter in thawed permafrost has been shown to be highly available for micro-
bial degradation regardless of its e age (Ewing et al., 2015; Mann et al., 2015; Vonk et al., 2013). In addition,
deep yedoma permafrost (>12 m depth) from Central Alaska contains a high proportion of labile organic
compounds (reduced and saturated OC compounds), and in laboratory incubations produces CH4 more
rapidly than shallower permafrost or active layer soils (Heslop et al., 2019). We consider reduced reactivity
of organic carbon to be the simplest mechanism linking older carbon substrates to slower rates of methano-
genesis, but other environmental variables such as the concentration of alternate electron acceptors or tem-
perature could also explain this linkage. Both thawing and intact permafrost often contain relatively high
concentrations of iron oxides, nitrate, or sulfate that can be reduced to respire organic carbon, thereby inhi-
biting methanogenesis. (Herndon et al., 2017; Heslop et al., 2019; Keuper et al., 2012; Winkel et al., 2019).
Additionally, rates of methanogenesis have been shown to increase at higher temperatures
(Yvon-Durocher et al., 2014). Deep thawed permafrost does not warm substantially in the summer as com-
pared to shallower sediments or soils, and warm summer temperatures could cause higher rates of metha-
nogenesis in shallow lake sediments relative to deeper environments (Wik et al., 2014).

3.3. Relative Rates of Methanogenesis Are Not Positively Related to CH, Ebullition Flux

In the Alaskan thermokarst lakes, we also observe that Ay is positively correlated with the logarithm of CH,4
flux (Figure 3b). This relationship is counterintuitive, as it implies that CH, produced more slowly, from
older carbon substrates, is released with a higher flux. Our proposed explanation for this result relies on a
conceptual model for thermokarst lake ebullition seeps proposed by Walter et al. (2007) (Figure 3a). In this
model, small “point-source” seeps release CH, from relatively young lake sediments. In contrast, large “hot-
spot” seeps release CH,4 from old thawed permafrost that is concentrated along preferential flow pathways at
depth before being emitted near the active thermokarst erosion zone. The A;g data set implies that
point-source seeps are fed by relatively rapid production of CH, but are limited in the volume of sediment
across which they integrate gas, resulting in relatively low CH, fluxes. Conversely, hotspot seeps are
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Point-source seep:

Hot-spot seep:

4C KYr Before Present

Younger “C age -Older “Cage 6 50 16 8 4 2
-Faster CH, production ~Slower CH, production B Central AK y =-4.44(x) + 1.97
-Lower flux -Higher flux A North Slope AK A A R?=045 1
A) Alaska ; .~ -Larger gas integration = P = R
-Smaller gas integration o4 > 4l - p =0.068
volume \/f)lume ks y=0.68(x) - 1.27 = "
- R?2=0.58 -
Q. Q.
© p =0.0002 g
22 = 2f
X 3
o [T
Tof L To
o . .
g g
_2»—A—-,* 5 2 ¢ A+
Permafrost . . . Y
0 2 4 6 8 0 0.2 0.4 0.6 0.8
g (o) Fraction Modern Carbon
4C KYr Before Present
. . . 3 2 1 0
Widely distributed ebullition: —O— R?=0.11
71C Age and production rate controlled by o R = 0.00 = <o p=0.284
D) Stordalen  depth of production in sediments &2 p=0.961 27
-Flux controlled by sediment chemical and ”E P
physical characteristics - —O— €
5 —o— 3 0®
= z <
T «
S o1 o o I 1 <o o ©
S —O— g
o —— ® ¢
Bedrock O
.—0—< E F <>
0 0
1 2 3 4 5 6
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Figure 3. (a) Conceptual model of CH4 ebullition fluxes in the Alaskan thermokarst lakes; (b) plot of CH,4 flux vs. A;g for the Alaskan lakes. Dashed black

line: regression fit excluding Lake Qalluruq (y = 0.39x — 0.95; R’= 0.66; p < 0.01). (c) Plot of CH, flux vs. Fm for the Alaskan lakes. Dashed black line: regression fit
excluding Lake Qalluruq (y = —3x + 1.07; R = 0.47; p = 0.09). Dotted lines in (b) and (c) indicate 95% confidence intervals for regression fits. Error bars in (b) and
(c) indicate standard deviations for average fluxes for different seep types (Walter Anthony & Anthony, 2013). (d) Conceptual model of CH4 ebullition fluxes

in Stordalen glacial lakes; (e) plot of CH, flux vs. A;g for the Stordalen lakes; (f) plot of CH,4 flux vs. Fm for the Stordalen lakes. Horizontal error bars in (b) and
(e) indicate analytical error (20) for A;g. Panels (b), (e), and (f) include data that do not have paired ¢ and A1g measurements (Table S1).

fueled by relatively slow production of CH, and as such must integrate gas across a much larger volume of
thawed permafrost to result in the observed higher CH, fluxes. While hotspot seeps occur less frequently
than point-source seeps, their large fluxes mean they can emit a large proportion of the total lake
ebullition CH, flux. At Goldstream Lake, which has been intensively studied in terms of seep densities,
hotspot seeps emit 50-70% of total lake ebullition CH, fluxes (Walter Anthony & Anthony, 2013).

In contrast, in the Stordalen lakes, we do not observe a significant correlation (p < 0.05) between CH,4 ebulli-
tion flux and either A5 (Figure 3e) or Fm (Figure 3f), although there is much less variation in CH, flux rela-
tive to the Alaskan lakes. This suggests that in the Stordalen lakes variation in CH, ebullition flux is not
dependent on either the rate of methanogenesis or the age of carbon substrates. We propose that these bub-
ble fluxes are controlled primarily by vertical displacement through low density sediments once gases
achieve sufficient pressure in porewaters (Langenegger et al., 2019) and that concentration of gas along pre-
ferential flow pathways is minimal. Therefore, while methanogenesis in deeper and older sediments appears
to proceed at slower rates (Figure 2), the dominant controls on observed CH, ebullition fluxes are likely
other physical and chemical variables such as the overall concentration of organic matter and sediment por-
osity and tortuosity (Ramirez et al., 2015).
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The two different models of CH, ebullition fluxes discussed above reflect the different sedimentary and geo-
morphological environments in the Alaskan and Stordalen lakes. The Alaskan thermokarst lakes form in
ice-rich permafrost. It is possible that voids produced by melting ice wedges and heterogeneities in thawed
permafrost soils enhance the formation of preferential gas flow pathways (Heslop et al., 2015; Rowland
et al., 2011; Walter et al., 2008). In contrast, the Stordalen lake basins contain relatively homogenous
organic-rich mud overlying bedrock (Kokfelt et al., 2010; Wik et al., 2013), which likely minimizes preferen-
tial gas flow pathways. These differences are consistent with studies suggesting that the flux and age of CH,4
emitted from permafrost-associated lakes is influenced by their geological and geomorphological setting
(Elder et al., 2018).

This study only considered ebullition fluxes of CH,, and there are no studies comparing A5 with *C or flux
for dissolved CH,. Where comparison is possible, dissolved CH, tends to contain younger carbon than ebul-
lition CH, (Elder et al., 2019) and is more likely to have its stable isotope composition influenced by methane
oxidation (Elder et al., 2019; Jansen et al., 2019). Further study will be needed to assess whether the patterns
observed here for ebullition CH, also apply to diffusive CH, fluxes. However, for the studied lakes, ebullition
fluxes are estimated to be the dominant source of CH, emissions in the ice-free season (Jansen et al., 2019;
Sepulveda-Jauregui et al., 2015).

4. Conclusions

As permafrost thaws, increasing quantities of long-stored carbon will be made available to anaerobic,
CH,-producing microbial communities in lakes. Our data from two different types of northern lakes, sup-
ported by results from culture experiments, suggest that methanogenesis using these old carbon substrates
will proceed at slower rates than methanogenesis fueled by modern carbon in similar environments.
When combined with flux estimates, these results also imply that the inferred relative rates of methanogen-
esis are not a strong determinant of observed CH, ebullition fluxes. More research is needed to constrain the
mechanism behind this apparent limitation on the rate of CH, production from older carbon, to determine
whether these results are representative of other northern lakes and other emissions pathways, and to better
understand the relationship between rates of methanogenesis and CH, fluxes. If found to be a widespread
phenomenon, relatively slow rates of CH,4 production from old carbon substrates could prove to be impor-
tant in modeling and predicting the emission of CH,4 produced from thawed permafrost.
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