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ABSTRACT

The permafrost on the North Slope of Alaska is densely populated by shallow lakes that result from ther-

mokarst erosion. These lakes release methane (CH4) derived from a combination of ancient thermogenic

pools and contemporary biogenic production. Despite the potential importance of CH4 as a greenhouse

gas, the contribution of biogenic CH4 production in arctic thermokarst lakes in Alaska is not currently well

understood. To further advance our knowledge of CH4 dynamics in these lakes, we focused our study on

(i) the potential for microbial CH4 production in lake sediments, (ii) the role of sediment geochemistry in

controlling biogenic CH4 production, and (iii) the temperature dependence of this process. Sediment cores

were collected from one site in Siqlukaq Lake and two sites in Sukok Lake in late October to early Novem-

ber. Analyses of pore water geochemistry, sedimentary organic matter and lipid biomarkers, stable carbon

isotopes, results from CH4 production experiments, and copy number of a methanogenic pathway-specific

gene (mcrA) indicated the existence of different sources of CH4 in each of the lakes chosen for the study.

Analysis of this integrated data set revealed that there is biological CH4 production in Siqlukaq at moderate

levels, while the very low levels of CH4 detected in Sukok had a mixed origin, with little to no biological

CH4 production. Furthermore, methanogenic archaea exhibited temperature-dependent use of in situ sub-

strates for methanogenesis, and the amount of CH4 produced was directly related to the amount of labile

organic matter in the sediments. This study constitutes an important first step in better understanding the

actual contribution of biogenic CH4 from thermokarst lakes on the coastal plain of Alaska to the current

CH4 budgets.
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INTRODUCTION

Thermokarst lakes, resulting from ground ice melting in

permafrost regions (Howard & Prescott, 1973; French,

1976; Kokelj & Jorgenson, 2013), may be the significant

contributors to the global CH4 budget (Oechel et al.,

1993; Phelps et al., 1998; Walter et al., 2007; Schuur

et al., 2009). A large proportion of this CH4 may

be derived from ancient thermogenic CH4 trapped

deep within or under the permafrost (referred to as the
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‘cryosphere cap,’ Walter Anthony et al., 2012). However,

the large amount of organic matter stored in the thaw

layer (talik) between the water column and the permafrost

table (Ling & Zhang, 2003; Pedersen et al., 2011; Parseki-

an et al., 2013), from either interglacial or contemporary

photosynthesis, also serves as a significant source of carbon

for in situ methanogenesis. Identifying and deconvolving

the production sources of CH4 will improve our ability to

generate accurate predictions about the changing climate

in the Arctic.

The North Slope of Alaska has extensive continuous per-

mafrost (~60–75% ice by volume and ~400 m deep; Sell-

mann et al., 1975; Hinkel et al., 2003; Jorgenson et al.,

2008) and is occupied by thousands of shallow (~2–3 m

deep), relic (i.e., drained), and contemporary thermokarst

lakes (Hussey & Michelson, 1966; Frohn et al., 2005; Jor-

genson & Shur, 2007) that are ice-covered or frozen to

the ground for at least 9 months of the year. Northern

Alaska lake sediments may be gradually eroded through

the lake thaw cycle and preferentially redeposited at the

upwind and downwind lake margins (Carson & Hussey,

1962; Hinkel et al., 2003). Relative contributions from al-

lochthonous or autochthonous sources of organic matter

have not been well studied in the sediments of this area.

Allochthonous organic matter can be transported via fluvial

or eolian processes and derive from modern active layer

soils or Pleistocene-aged terrigenous organic matter from

permafrost (Repenning, 1983). Autochthonous organic

matter can be produced by present-day lacustrine auto-

trophs (Ramlal et al., 1994; Hecky & Hesslein, 1995; Bo-

nilla et al., 2005) and is potentially more labile than

allochthonous organic matter.

The coastal plain in the North Slope of Alaska also con-

tains an estimated 53 billion cubic feet of natural gas

(Houseknecht et al., 2010). Radiocarbon analyses have

indicated that gas seeps in the area may be sourced from

the gas reservoirs at depth and/or laterally from thermo-

genic CH4 trapped under the permafrost ice cap, rather

than from present-day microbial activity within the lake, as

is common in Siberia (Walter Anthony et al., 2012). A dis-

tinction between microbial and thermogenic CH4 can be

made by combining isotopic ratios (e.g., d13CCH4,

d13CCO2, and dD-CH4) and C2–C4 hydrocarbon ratios

(Whiticar, 1999). Microbial CH4 production, in which

d13C ranges between �110 and �50& (Quay et al., 1988;

Whiticar, 1999), results from anaerobic decomposition of

organic matter in sediments. Thermogenic CH4 has a

range between �52 and �20& (Whiticar, 1999; Judd,

2000; Kvenvolden & Rogers, 2005), and it is generated at

subsurface depths between 1 and 4 km by decomposition

of residual organic matter under high pressure and temper-

ature, during coal formation or thermal alteration of oil

(Judd, 2000). d13CCH4 signatures at the boundary between

biogenic and thermogenic CH4 could result from mixed

sources, including CH4 oxidation, advanced stage of parent

organic matter decomposition, contributions from different

methanogenic pathways, or a combination of thermogenic

and biogenic signatures (Whiticar, 1999). Lastly, abiogenic

CH4 originates in the mantle, and it has a d13C between

�45 and �5& (Judd, 2000).

Our study focused on biological CH4 production in two

Alaskan thermokarst lakes. Specifically, we examined the

following: (i) in situ CH4 concentrations and carbon iso-

tope compositions of CH4 in sediments; (ii) temperature

response of methanogenesis at natural substrate levels; (iii)

archaeol lipid biomarkers (archaeol) and the methyl coen-

zyme reductase alpha subunit (mcrA) gene, which is a key

enzyme in the pathway for methanogenesis; and (iv)

description of the substrates available for methanogenesis.

METHODS

Sampling sites

Siqlukaq Lake (Siq) and Sukok Lake (Suk), two arctic ther-

mokarst lakes near the town of Barrow, Alaska (Fig. 1),

were sampled during late October to early November field

campaigns. Two sites were sampled at Sukok: one near an

active, submerged natural gas seep (Sukok Seep – SukS),

and another about 1 km southwest from the seep site (Su-

kok B site – SukB), to determine the effects of localized

CH4 flux on biological CH4 production within these

Fig. 1 Landsat 7 image of the Arctic Coastal Plane near Barrow, AK (L7

ETM+SLC-on, 31 August 2000). Shaded field and hatched lines approxi-

mate subsurface boundaries of the Walakpa Gas Field (Glenn & Allen,

1992). Dots indicate sites described in the main text: Siqlukaq (Siq) and the

two Sukok Lake sites are ‘Seep’ proximal to an active, ebullient gas seep

(SukS), and ‘B’ distal from the area of active CH4 seepage (SukB).
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sediments. A total of 16 sediment cores were recovered for

various geochemical and biological analyses over the course

of four field campaigns spanning 4 years (Table 1). Sedi-

ments in both lakes lack well-defined sedimentological fea-

tures, such as laminations, and the lakes possess taliks of at

least 1.1 m depth (the maximum sediment thickness pene-

trated in coring).

Suk is located ~29 km south of Barrow and 12.7 km

east–southeast of the mouth of Walakpa Bay, in the Wal-

akpa gas field, a natural gas field approximately 600 m

deep (the permafrost base nearby the lake is ~280 m;

Glenn & Allen, 1992). An east–southeast trending fault

occurs in the subsurface north of Sukok; however, no such

feature is identified beneath the lake itself (Glenn & Allen,

1992). Openings in the ice cover resulting from active

CH4 ebullition in the lake were observed in April 2010

and the late October–early November 2010–2013 field

campaigns. Satellite imagery indicates that Suk consists of

at least three coalesced thermokarst lakes and lies within a

portion of the arctic coastal plain that has seen repeated

thermokarst episodes (Fig. 1). Suk is approximately 4.2 km

wide and 5.5 km long (not including the slightly adjoined

southern basin). At the time of sampling, total water depth

for Suk was ~0.80–1.35 m, with ~0.10–0.25 m of ice, and

lake water temperatures were relatively uniform with depth

between 0.7 and 1.3 °C, as determined with a portable

Orion 5 star multimeter (Thermo Scientific, Waltham,

MA, USA).

Siq, located 6.6 km east–northeast of the mouth of Wal-

akpa Bay, outside of the gas field, has no visible open holes

in winter lake ice due to gas ebullition. Satellite photogra-

phy shows that Siq likely drains into Walakpa Bay at high

stand and shows evidence of previously higher lake levels,

but a less complex hydrologic history than that of Suk

(Fig. 1). Siq is smaller and more elongated than Suk, mea-

suring approximately 1.0 km wide by 3.8 km long. During

the sampling period, Siq was ~1.5–1.6 m deep and had

~0.15–0.25 m of ice, and lake water temperatures between

0.2 and 2.0 °C.

Sediment geochemistry

Sediment cores were retrieved from all sampling sites using

a universal percussion corer (Aquatic Research Instru-

ments), ~10 cm in diameter polycarbonate coring tube,

and plug caps on both ends to decrease oxidation. Sedi-

ment core lengths ranged between 20 and 110 cm.

Oxygen (O2) microelectrode profiles

Shallow sediment cores (20 cm) were collected at each

sampling site (Siq13, SukB13, and SukS13, Table 1).

Overlying water (4.5 cm) was left on top of the sediment

to minimize atmospheric O2 influence on the microprofile

in the sediment (Boetius & Damm, 1998). Microelectrode

O2 profiles were conducted within 30 min of core collec-

tion using a Clark-style oxygen microelectrode (Unisense,

Aarhus, Denmark) with a tip diameter of 500 lm. These

microelectrodes respond in a linear fashion to O2 concen-

tration (Revsbech, 1989), and a two-point calibration

curve was used to standardize the instrument. The micro-

electrode was attached to a manual micromanipulator and

lowered through the water and sediment column at 100-

lm increments. Profiling was conducted in a darkened tent

which provided a thermal barrier to prevent freezing and

to maintain core temperatures (2.7–6.0 °C) during profil-

ing.

Depth-integrated aerobic O2 consumption (IOC) was

calculated using Fick’s second law of diffusion assuming

zero-order kinetics (Nielsen et al., 1990; Rasmussen &

Jørgensen, 1992). The corrected diffusion coefficient (Ds)

was calculated by adjusting the O2 diffusion coefficient in

freshwater (at sediment temperature during profiling) for

porosity and tortuosity, based on measured porosity values

and sediment type (Broecker & Peng, 1974; Rasmussen &

Jørgensen, 1992).

Pore water chemistry

Dissolved gas and chemical gradients in the sediments were

determined for deeper cores (50–70 cm) collected from

Siq (Siq12-a and Siq12-c) in 2012 and from Suk (SukS13-

b, SukS13-c, SukB13-b, and SukB13-d) in 2013 (Table 1).

Pore waters were sampled through predrilled holes in the

core liners (sealed from the surrounding environment until

samples were taken) using Rhizons (Seeberg-Elverfeldt

et al., 2005). The ~0.15-lm porous membrane of each

Rhizon was conditioned before sampling by rinsing with

milli-Q water. Samples were drawn into 10-mL sterile

syringes connected to the Rhizons.

Pore water samples for the analysis of low molecular

weight organic acids including acetate and formate, and

anions SO2�
4 and NO�

3 , were collected in 2012 from Siq.

Samples were collected (5-mL HDPE bottles), frozen, and

then transported to the Biogeochemistry Laboratory at

Indiana State University. A Dionex ICS-2000 with an

AS11-HC column (Sunnyvale, CA, USA) was utilized to

measure the concentration of each compound following

Johnson et al. (2012) and Baker & Vervier (2004). Due

to technical issues, acetate and formate were only measured

in the surficial samples at Siq. Samples for the analyses of

the anions SO2�
4 and NO�

3 collected (15-mL polypropyl-

ene tubes) from Suk in 2013 were frozen and then trans-

ported to the University of Tennessee, Knoxville. Pore

waters were analyzed using a Dionex ICS-2100 RFIC fit-

ted with an ASRS-4 mm suppressor column, an AS18 ana-

lytical column, and an AG18 guard column following

methods similar to Banihani et al. (2009).

Pore water samples for metals analysis collected (15-mL

polypropylene tubes) from Siq and Suk were acidified with

© 2015 John Wiley & Sons Ltd
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UHP HNO3 to a final concentration of 1% HNO3 (vol/

vol) in the field and stored at room temperature for

<60 days. The 5 mL samples were brought to 10 mL with

1% UHP HNO3 before analysis. A Thermo Element II

high-resolution inductively coupled plasma mass spectrome-

ter with a PFA-ST concentric Teflon nebulizer (ESI, Inc.

Portland, OR, USA) and a spray chamber of cyclonic glass

(ESI, Inc.) in the Ultratrace Chemistry Laboratory at the

Desert Research Institute in Reno, NV, was used to quan-

tify the metals. Low (LR) and medium (MR) resolutions

were used as needed for isotopic separations. Standards were

made from mixed stock standard from Inorganic Ventures,

Inc. (Christiansburg, VA, USA) in a 1% UHP HNO3

matrix, and all blanks were made of 1% UHP HNO3.

Sediment CH4

CH4 concentrations and stable carbon isotope analyses

One sediment core per sampling site was collected in 2011

(Siq11-a, SukB11-a, and SukS11-a) to determine CH4

concentrations and stable isotope signatures. The cores

were sampled on site following Riedinger et al. (2010) and

Koch et al. (2009). Samples were preserved at ~4 °C and

analyzed at the University of California Santa Barbara

(UCSB), for CH4 concentration, d13CCH4, and d13CCO2,

following methods by Kinnaman et al. (2007), with the

exceptions that the bottle headspaces were displaced with

1–5 mL degassed water containing NaCl (35 g L�1), and

1 mL sample was injected onto a 250-lL sample loop for

quantitation. CH4 concentration (lmoles CH4 g�1 sedi-

ment dry weight) was estimated from the molar fraction of

CH4 in the headspace using equation 1 from D’hondt

et al. (2003), excluding the terms for porosity and sedi-

ment volume and including sediment dry weight.

To determine inter-annual variability of CH4 concentra-

tions and C isotopic composition, additional cores were col-

lected from Siq in 2012 (Siq12-a and Siq12c) and from Suk

(SukB13-c and SukS13-d) on November 2013. Parallel sed-

iment plugs were collected for porosity analysis within

1.5 cm of samples for CH4 and CO2 analysis and were

stored at ~4 °C (Riedinger et al., 2010). The approximate

ratio of sediment mass to volume in each syringe was

obtained by measuring the total volume and wet weight of

sediment. Water content was determined using dry weight

after heating at 105 °C for 24 h. Porosity was calculated as

water volume divided by wet sediment volume.

For comparison, CH4 concentration was also estimated

in lM following equation 1 in D’hondt et al. (2003) and

using an average porosity from depths sampled in SukB13-

c and SukS13-d (data were not available for Siq) and an

average sediment volume of 2.7 � 0.7 mL. Sediment vol-

ume was estimated from the average bottle headspace, the

known volume of NaCl solution, and the average known

volume of the bottles with stoppers.

CH4 production experiment

Samples were obtained for CH4 production experiments

from sediment cores collected in 2011 (Siq11, SukS11,

and SukB11) at the same time and within ~15 cm of those

for in situ CH4 concentration and stable carbon isotope

analysis (Table 1). Sediment cores for these experiments

were transported at <4 °C to a cold room, where they

were maintained at 2 °C for 1 month. Each core was cut

in three sections of approximately equal size, subsampled

inside an anaerobic chamber (3–4% H2/N2 atmosphere),

and mixed with approximately equal volumes of cold, ster-

ile, anoxic, deionized water by stirring, to eliminate any

gas that may have been ‘trapped’ in the sediments (Kiene

& Capone, 1985). Sediment slurries in 10-mL aliquots

were distributed among 18 sterile, 125-mL serum bottles

(capped with butyl rubber stoppers) per depth. Negative

controls with the same water and bottles were also pre-

pared in the anaerobic chamber. The headspace of the bot-

tles was exchanged with ultra-high-purity N2 for 5 min

using a manifold with 0.2-lm filters and sterile needles.

The sediment slurries were incubated upside down at 2 or

10 °C for the duration of the experiment. Time zero sam-

ples were collected after 2-h incubation. For all time points,

headspace samples were collected with a gas tight syringe

(Hamilton, Reno, NV, USA) following vigorous shaking,

before and after autoclaving of sediment slurries. Samples

were analyzed with a Mini 2 gas chromatograph (GC; Shi-

madzu, Kyoto, Japan) equipped with a flame ionization

detector (FID), a Poropak T column, and the following set-

tings: oven temperature 20 °C, injection port temperature

210 °C, and ultra-high-purity nitrogen as carrier gas at a

flow rate of 40 mL min�1. The injection volume was

100 lL. Peak area was quantified with a Hewlett-Packard

3390A integrator. CH4 standards were used for calibration.

The headspace of triplicate samples was analyzed every 5–
10 days (depending on when CH4 was first detected), for a

period of 25–60 days depending on the lake.

At the end of the experiment, the dry weight of the sed-

iments was determined after drying for 24 h at 105 °C.
The CH4 concentration in the headspace (lmoles

CH4 g�1 of dry weight) was determined as explained in

Section ‘CH4 concentrations and stable carbon isotope

analyses’. Additionally, average CH4 production (accumu-

lation) over time was estimated. Methane production rates

were calculated from a linear regression of three consecu-

tive data points. The temperature coefficient (Q10) was cal-

culated following Duc et al. (2010).

Quantitative PCR of the methyl coenzyme reductase

alpha subunit gene (mcrA)

Sediment subsamples were obtained from the first 30 cm

of the 2011 cores Siq11-a, SukS11-a, and SukB11-a

(Table 1). Subsamples that were stored at �80 °C were

© 2015 John Wiley & Sons Ltd
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later transferred to sucrose lysis buffer to preserve the

integrity of the nucleic acids (SLB, 40 mM EDTA, 50 mM

Tris–HCl, 0.75 M sucrose) prior to nucleic acid extractions.

Community genomic DNA from surface sediment subsam-

ples from each lake was extracted using a modified proto-

col for the power soil DNA isolation kit (MoBio, Carlsbad,

CA, USA). Samples in SLB were thawed on ice for 45 min

and centrifuged at 10 000 9 g for 10 min. The superna-

tant was removed; ~0.5 g sediment subsamples (for a total

weight of ~1 g per sample) were extracted following manu-

facturer’s instructions and later quantified using a standard

picogreen assay (Life Technologies, Grand Island, NY,

USA).

To quantify mcrA gene fragment copy number, quanti-

tative PCR (qPCR) was carried out using the ML primer

pair (Luton et al., 2002) and the following conditions: 19

SYBR Green PCR master mix, 0.1 lM of each primer, and

0.1 lg lL�1 of bovine serum albumin (BSA) in a 25 lL
final volume. One microlitre of template DNA from Siq

samples was used in 2–4 replicate reactions, and 4 lL of

SukS or SukB samples was used in another set of four rep-

licate reactions. A standard curve was prepared using Met-

hanocaldococcus jannaschii genomic DNA with 1 lL of 10-

fold dilutions covering five orders of magnitude

(6.4 9 106 to 6.4 9 102 copies of mcrA gene assuming 1

copy of mcrA per genome), four replicates each. qPCR

was performed using an Applied Biosystems 7500 Fast sys-

tem (Life Technologies) in standard mode and following

PCR conditions by Luton et al. (2002). PCR efficiency

was 75.7%, and amplification of standards was linear

(r2 = 0.993) from 102 to 106 copies of the template per

lL. McrA gene copy numbers were expressed per g of wet

sediment and per ng DNA. To confirm amplification speci-

ficity, a melt curve analysis was performed immediately

after qPCR using standard instrument settings, and agarose

gel electrophoresis was used to confirm expected amplicon

size.

Organic carbon and lipid biomarkers analyses

Sediment texture, total carbon, and inorganic carbon

content

Sediment texture was determined following a simple tex-

ture analysis chart (Thien, 1979), with the same cores

(Siq11-b, SukB11-b, and SukS11-b) used for the CH4

production experiment. Total carbon (TC) and total inor-

ganic carbon (TIC) content was determined from five

cores: Siq10-a, SukS10-a, Siq11-a, SukS11-a, and SukB11-

a. Frozen cores were sectioned every 5 cm to a depth of

30 cm (2011 only) and every 10 cm for the remaining

length of each core. These samples were collected into

furnaced (550 °C, 8 h) glass vials with foil lids that were

refrozen (�20 °C) for transportation to the University of

California, Riverside. Samples were lyophilized and then

analyzed using an Eltra CS-500 carbon–sulfur analyzer,

yielding TC and TIC. Total organic carbon (TOC) was

obtained by subtraction.

Lipid biomarker analyses

Lipid biomarkers were extracted from lyophilized samples

obtained from the same cores sampled above using a

Microwave Accelerated Reaction System (CEM Corp.,

Matthews, NC, USA) with 9:1 vol/vol dichloromethane/

methanol to yield total lipid extracts (TLEs). One aliquot

of each TLE was derivatized with N,O-bis(trimethylsilyl)

trifluoroacetamide (BSFTA) in pyridine before gas chroma-

tography–mass spectrometry (GC-MS). A second aliquot

of total extract was fractionated via solid-phase extraction

columns to yield neutral lipids that were also subjected to

GC-MS. Catalytic hydropyrolysis (HyPy; Love et al.,

2005) was applied to an additional aliquot of freeze-dried

sediment. HyPy conditions were 5 wt. % molybdenum sul-

fide catalyst, 150 bar H2 flowing at 5 L min�1, and pro-

grammed temperature ramp of 100 °C min�1 to 250 °C,
followed by ramping at 8 °C min�1 to 480 °C. Gas chro-

matography–mass spectrometry (GC-MS) analyses of freely

extractable and kerogen-bound saturated hydrocarbons,

and derivatized total extracts were performed with an Agi-

lent 5973 MSD mass spectrometer interfaced to an Agilent

7890A GC, equipped with a DB-1MS capillary column

(60 m 9 0.32 mm, 0.25-lm film) and run with He as car-

rier gas. The temperature program for GC-MS full scan and

selected ion monitoring was 60 °C (2 min), ramp to

250 °C at 20 °C min�1, to 325 °C at 2 °C min�1, and held

at 325 °C for 20 min. Lipid biomarkers were identified by

comparison with published mass spectra and retention times

and quantified using a d4-aaa-24-ethylcholestane internal

standard. Archaeol was quantified using m/z 130 in

selected ion monitoring mode with a d14-para-terphenyl

internal standard (m/z 244) and calculated response factor.

The response factor was obtained by the comparison of

detector response areas between replicate analyses of known

amounts of archaeol and d14-p-terphenyl.

RESULTS

Sediment geochemistry

Oxygen profiles and depth-integrated aerobic O2

consumption

Dissolved O2 concentration at the sediment–water interface
in freshly collected cores from Siq13, SukB13, and SukS13

was 212.4, 110.0, and 6.5 lmol L�1, respectively (Fig. 2).

Oxygen decreased rapidly with depth in all cores, becom-

ing depleted by 1.0, 10.0, and 0.5 mm in the same respec-

tive cores. The depth of O2 depletion typically coincided

with concentration at the sediment–water interface in the

Suk cores; cores from Siq did not fit this trend indicating
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that O2 dynamics in Siq were different from those in Suk.

Based on the shape of the O2 depletion profiles, and

assuming steady state conditions, average (�SD) rates of

metabolic O2 consumption were estimated to be 503.5–
892.9, 40.8 � 14.4, and 72.6 � 19.1 lmol O2 m�2 h�1

in cores from Siq, SukB, and SukS, respectively.

Pore water chemistry

Pore water chemistry from Siq12 sediment cores was gen-

erally reproduced in replicate cores. The average concentra-

tion of NO�
3 (76.62 � 73.18 lM) and SO2�

4

(8.74 � 8.47 lM) in the upper 8 cm of the two replica

cores was higher than the average concentration of NO�
3

(1.40 � 2.51 lM) and SO2�
4 (0.96 � 0.70 lM) below

8 cm (Fig. 3A,J). The concentration of total dissolved Fe

in both cores was high throughout the depth profile,

reaching a maximum (854.94 lM at 20 cm in Siq12-a)

between 12 and 20 cm below the sediment–water inter-

face. Additionally, the concentration of total dissolved Mn

in the pore waters was about 44-fold lower than the con-

centration of total dissolved Fe, but showed a similar depth

profile to Fe (Fig. 3D,G).

Overall, the concentration of NO�
3 and SO2�

4 in Suk was

higher than the concentration of these anions in Siq.

Reproducibility between cores at the same site was poor.

Two maxima were detected in SukB13-b (2.34 mM at

10 cm and 745.73 lM at 18 cm), but the concentrations

were much lower (0.00–27.47 lM) in the rest of the core

(sampled to 30 cm), as well as in SukB13-d (0.87–
52.58 lM; Fig. 3B). In SukS13-b, increasing NO�

3 was

detected with increasing depth (0.00–126.25 lM), but in

SukS13-c, NO�
3 peaked at 11 cm (1.07 mM) and then

decreased (Fig. 3C). The SO2�
4 concentration increased

with depth in SukB13-b (0.00 lM at 2 cm to 751.68 lM
at 30 cm), and in SukB13-d, there was an average of

275.27 � 112.74 lM throughout the core (sampled to

17 cm) with two maxima of ~ 450 lM (at 5 and 11 cm;

Fig. 3K). The SO2�
4 concentration mostly increased with

depth in the first ~20 cm (0.00–329.29 lM) of SukS13-b.

A similar pattern was observed in SukS13-c down to

~17 cm (0.00–296.42 lM; Fig. 3L).
Depth profiles of dissolved Fe and Mn in SukB13

(Fig. 3E,H) were somewhat similar to Siq12. The concen-

tration of dissolved Fe in SukB increased by 300-fold from

1 cm below the surface to 12 cm below the surface and

then decreased with depth; the concentration of dissolved

Mn was relatively constant throughout the profile in SukB.

The concentration of these metals throughout the sedi-

ment profile in SukS (Fig. 3F,I) showed a lack of a curve

and was lower than in Siq (dissolved Fe ~ eightfold and

Mn ~ threefold) and SukB (dissolved Fe ~ fivefold and

Mn ~ twofold).

CH4 concentrations and stable carbon isotope analyses

In situ CH4 concentration and stable carbon isotopes

Average (�SD) CH4 concentration was orders of magni-

tude higher in the upper intervals from Siq (2.18 � 0.24

lmoles CH4 g�1 dry sediment) than in SukB (3.12 �
2.30 9 10�4 lmoles CH4 g�1 dry sediment) and SukS

(3.21 � 1.44 9 10�3 lmoles CH4 g�1 dry sediment;

Fig 4A). CH4 concentration decreased precipitously with

depth in Siq sediments, from 0.84 lmoles CH4 g�1 dry

sediment at ~38 cm to 0.02 lmoles CH4-g
�1 sediment at

88 cm. Conversely, CH4 concentration remained relatively

constant throughout the SukB sediment profile (7.00 �
4.10 9 10�4 lmoles CH4 g�1 sediment), while CH4 con-

centration increased with depth in the SukS sediments,

with the highest amount of CH4 observed at 75 cm (0.11

lmoles CH4-g
�1 dry sediment). The CH4 level detected in

A B C

Fig. 2 Oxygen microprofiles measured at

100 lm resolution. (A) Siq13-a, (B) SukB13-a,

(C) SukS13-a.
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the deepest interval of SukS core was 2 orders of magni-

tude higher than the amount of CH4 detected at a similar

depth in SukB.

Methane from Siq sediments was more 13C-depleted

than in SukS sediments (Fig. 4B). The most negative

d13CCH4 values (�76.7 to �79.2 � 0.2&) were detected

in Siq surface sediment, between 8 and 38 cm. However,

the signal became less depleted in 13C at 58 cm

(�64.3 � 1.6&), and even less depleted at 88 cm

(�43.3 � 6&). The d13CCH4 values in SukS sediments

were less depleted at 35 cm (�55.5 � 1.4&) and at

55 cm (�47.3 � 0.2&) than those for Siq. The least

depleted d13CCH4 value in SukS was observed at 75 cm

(�43.4 � 0.2&). The surface CH4 concentrations for

SukS sediments along with the entire depth profile in SukB

were insufficient for the analysis of isotopes.

CH4 production experiment

Biological CH4 production was observed in sediments

from Siq11 at both temperatures (2 and 10 °C), and the

upper sediments from SukB11 at 10 °C (Fig. 5). The

highest amount of CH4 produced was 7.4 � 1.2 lmoles

A B C

D E F

G H I

J K L

Fig. 3 Pore water chemistry profiles from replicate sediment cores. (A, D, G, J)

Siqlukaq Lake: Siq12-a: black, Siq12-c: white. (B, E, H, K) Sukok site distal to

the seep: SukB13-b: black, SukB13-d: white. (C, F, I, L) Sukok Lake, seep site:

SukS13-b: black, SukS13-c: white. Note different scales on different axes.

A B

Fig. 4 Methane concentration, d13CCH4 and d13CCO2 in arctic thermokarst

lakes. (A) CH4 concentration per gram of dry sediment (Siq11-a, SukB11-a,

and SukS11-a). (B) d13CCH4 (Siq11-a and SukS11-a) and d13CCO2 (Siq11-a)

in pore waters. The approximate boundary between biogenic and thermo-

genic CH4 (Whiticar, 1999) is indicated with a dashed line for visual conve-

nience. The error for the average CH4 concentration (analytical replicates)

was �2%. The error for the average d13CCH4 (analytical replicates) was

�0.2&, except at 58 cm (�1.6&) and 88 cm (~�6.0&) in Siq, and at

55 cm (�1.4&) in SukS. For comparison with other data sets, CH4 concen-

tration in pore waters as lM was estimated in Section ‘Implications for CH4

production from permafrost in the North American Arctic’ (main text).
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CH4 g�1dry weight (n = 3) in the 2- to 20-cm interval of

Siq sediments at 10 °C, and 3.7 � 0.0 lmoles

CH4 g�1dry weight (n = 2) at 2 °C after 25 days of incu-

bation (Fig. 5A). The next deeper interval of Siq sediment

(26–47 cm) produced 0.9 � 0.2 lmoles CH4 g�1dry

weight (n = 6) at 10 °C and 0.2 � 0.0 lmoles

CH4 g�1dry weight (n = 6) at 2 °C (Fig. 5B). CH4 pro-

duction from the 2- to 30-cm SukB-11 sediment interval

was not detected until day 10 of incubation at 10 °C. After
50 days of incubation, 0.3 � 0.1 lmoles CH4 g�1dry

weight (n = 6) were produced at 10 °C and <0.1 lmoles

CH4 g�1dry weight (n = 6) were produced at 2 °C in this

SukB upper interval (Fig. 5D).

Upper Siq and SukB sediments produced more CH4

than any other interval of sediment sampled. CH4 produc-

tion <0.1 lmoles CH4 g�1dry weight was observed in the

deepest interval from Siq (49–76 cm; Fig. 5C), and no

CH4 production was observed in the deeper intervals from

SukB (34–62 and 64–90 cm) during the incubation period

(Fig. 5E,F). Furthermore, no CH4 production was

observed from the SukS sediments, although very small

amounts of CH4 were detected at all depths sampled.

Temperature had a distinct influence on the rate of CH4

production (obtained as the slope of a linear regression of

three consecutive data points). CH4 was produced at a rate

of 2.2 lmoles CH4 day�1 g�1 dry weight at 10 °C and at

a rate of 0.8 lmoles CH4 day�1 g�1 dry weight at 2 °C in

the upper Siq sediments. In the next deeper interval of Siq

sediment, CH4 was produced at a much lower rate:

0.3 lmoles CH4 day�1 g�1 dry weight at 10 °C and

<0.1 lmoles CH4 day�1 g�1 dry weight at 2 °C. The tem-

perature coefficient (Q10) in Siq was 3.7 for the upper sed-

iment interval and 9.5 for the next interval down

indicating different metabolic responses of the microbial

community through the sediment core. The rate of CH4

production in the upper sediments of SukB could only be

estimated at 10 °C (0.9 lmoles CH4 day�1 g�1dry

weight), given that CH4 did not show a linear increase

over time at 2 °C; hence, no Q10 value was computed.

Proxies for methanogen abundance

The mcrA gene was detected in the surface sediments from

the three sites by qPCR amplification, but only Siq11 gene

A

B

C

D

E

F
Fig. 5 CH4 production from sediment

incubations at two temperatures using in situ

organic matter. CH4 production at 10 °C

(filled symbols) and at 2 °C (open symbols) at

three different depths. Siq11-b (A) 2–20 cm,

(B) 26–47, and (C) 49–76 cm. SukB11-b (D)

2–30 cm, (E) 34–62 cm, and (F) 64–90 cm.

Note the different scales. CH4 production was

an average of 2–6 replicate samples (see

Methods). Soil texture from the upper and

lower layer of each sediment depth is

described in each panel. CH4 was detected in

some incubations from SukS, but no pattern

of CH4 production was observed.
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copy numbers were at or above a conservative limit of

detection that was established for this assay (100 copies

mcrA lL�1). The highest mcrA gene copy number

detected was 1.9 9 104 mcrA copies g�1 sediment

(5.4 9 102 mcrA copies ng�1 DNA) for Siq samples

between ~14 and 15 cm below the surface, while the copy

number between ~6 and 7 cm was 6.4 9 103 mcrA copies

g�1 sediment (1.3 9 102 mcrA copies ng�1 DNA), and

between 23 and 24 cm was 5.0 9 103 mcrA copies g�1

sediment (4.7 9 102 mcrA copies ng�1 DNA).

Archaeol was highest in Siq where two maxima were

encountered: 45 and 37 lg g�1 sediment at ~12.5 and

~17.5 cm, but was lower outside these intervals (Fig. 6B).

Absolute archaeol concentration was greater in the distal

seep site, SukB, beginning at 0.1 lg g�1 sediment at

7.0 cm, reaching a maximum of 1.4 lg g�1 sediment at

~26.5 cm, and then below detection for the lowermost

portion of the studied samples. In the SukS11 core, the

absolute archaeol concentration was slightly elevated in the

upper ~23.5 cm but consistently low (≤0.07 lg g�1 sedi-

ment) throughout the entire 1-m core (2–3 orders of mag-

nitude lower than at Siq and SukB). The archaeol-to-n-C31

ratio (Fig. 6C) was consistently higher in Siq (average

0.10 � 0.05) and SukB (average 0.08 � 0.06) than in the

SukS site (0.01 � 0.01).

Sediment properties, organic matter content, and

composition

Total organic carbon (TOC) measurements varied widely

among and within cores analyzed at the three sites

(Fig. 6A). TOC was highest in the upper 40 cm of Siq11

sediment (avg. 14.9 wt. %) and then decreased to an

average of 2.1 wt. % at depths >40 cm below the

sediment–water interface. The Siq11 sediment core had an

overall average of 7.2 � 2.9 wt. % TOC. SukB11 exhibited

relatively low and consistent carbon contents down core

(overall average 1.9 � 3.7 wt. %), with the exception of a

high TOC interval around 23-cm sediment depth (12.9

wt. %). Excluding this interval, the SukB11 core had an

average of 0.9 � 0.5 wt. % TOC. SukS sediments con-

tained the lowest amounts of organic carbon, averaging

0.5 � 0.3 wt. % over the entire SukS11 sediment core.

Sediment TOC profiles from the 2011 samples reported

here were consistent with those from a similar sample set

collected in 2010 at the same locations (Table S2). Sedi-

ment texture analyses of 2011 sediment cores indicated

that SukS and Siq have similar grain size profiles, with a

dominance of clay and silt (90–95%) in the upper portion

of the core, and 60–80% sand in the lower portions. SukB

has the opposite profile, with >70% sand in the uppermost

portion and 90% silt and clay in the remainder of the core.

SukB sediments contained carbonate, which was most

likely detrital in origin.

Organic matter sources and composition were evaluated

through analysis of saturated hydrocarbons, BSTFA-deriva-

tized TLEs, and catalytic hydropyrolysis products (func-

tionalized free- and kerogen-bound lipids that have been

converted to hydrocarbons). The proportions and amounts

of these compounds differed from site to site and with

depth at a given site (Tables S2 and S3). Both the extract-

able and the kerogen-bound hydrocarbons in Siq10 sedi-

ments were dominated by intermediate chain length n-

alkanes. The most abundant n-alkane in free hydrocarbons

was n-C23 and in the kerogen-bound fraction was n-C24.

The proportion of n-alkanes derived from aquatic plants

(Paq values, average 0.77 for the free hydrocarbons) was

consistent with this intermediate chain length. These

A B C

Fig. 6 October 2011 sediment depth profiles

of (A) total organic carbon, (B) archaeol

concentration, and (C) archaeol-to-n-C31

ratios. Note that Siq archaeol values are

plotted one order of magnitude lower than

detected in order to show the variation in the

low SukB and SukS values.
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samples also contained low short-to-long n-alkane ratios

and relatively low sterane-to-hopane ratios (free sterane to

hopane average 0.03, kerogen-bound sterane to hopane

average 2.27). SukS10 organic matter showed a pro-

nounced difference between free hydrocarbons and kero-

gen-bound hydrocarbons. The most abundant n-alkane in

the free fraction was n-C31, but the most abundant n-

alkane in the bound fraction was n-C16. The short-to-long

n-alkane ratio average was 0.02 in the free fraction, and

the short-to-long n-alkane ratio average in the bound frac-

tion was 7.35. Free n-alkanes also had lower Paq values

(average 0.18) in this lake. Carbon preference indices

(CPI) for both lakes showed strong odd-over-even pre-

dominance in free n-alkanes (from decarboxylation of free

fatty acids) and even-over-odd in bound n-alkanes (from

reduction of functionalized lipids).

DISCUSSION

Methane emissions have received extensive attention in

numerous environments (Wagner et al., 2007; Liu et al.,

2013; Negandhi et al., 2013), where as much as 80–90%
of the atmospheric CH4 is microbially derived (Whiticar,

1999). Furthermore, atmospheric CH4 is a potent green-

house gas that is currently rising (Hoehler & Alperin,

2014). Considering that the Arctic is highly sensitive to cli-

mate change (Kittel et al., 2011), accurate estimates of

CH4 emissions are of the utmost importance for the global

CH4 budget. Methane has also been recognized as a bio-

signature for life beyond Earth (Tazaz et al., 2013). In this

section, we discuss the implications of our findings for

North American Arctic CH4 budgets.

CH4 sources and sediment biogeochemistry in Siqlukaq

Lake

Sediment CH4 profiles

Detection of CH4 (highest between 8 and 18 cm below

the surface) in Siq was consistent with rapid O2 depletion

(~1 mm, Fig. 2) and pore water biogeochemistry (Fig. 3).

The O2 concentration in the water–sediment interface was

within the range of concentrations detected in other shal-

low arctic lakes (Whalen et al., 2013), but O2 was depleted

in Siq at a shallower depth. High amounts of surficial

TOC (Fig. 6) in combination with a silty clay loam sug-

gested that Siq sediments would become anoxic at shallow

sediment depths. In fact, within the first 1 mm in the sedi-

ment profile, O2 was consumed at a rate higher than that

computed in the other sediment cores we studied. This

rate is at the low end of those observed in a eutrophic lake

(Lake Zug, Switzerland; Maerki et al., 2009), and it is sim-

ilar to the rate measured in a meso-eutrophic lake (Lake

Vechten, The Netherlands; Sweerts et al., 1991). More-

over, SO2�
4 and NO�

3 were consumed within the first

10 cm below the sediment–water interface, while dissolved

Fe and Mn were chemically reduced, indicating thermody-

namic conditions favorable for methanogenesis deeper in

the profile. At depths >48 cm, CH4 concentration

decreased in concert with TOC values. Overall, a positive

correlation was found between the in situ CH4 concentra-

tion and the TOC content in the sediments (r2 = 0.80,

P = 0.008), partly explaining the decrease in biological

CH4 production with depth.

d13CCH4

The stable isotope signature of C in CH4 (d13CCH4) from

Siq sediment suggested a biogenic source (Figs 4 and S2).

The most depleted d13CCH4 values (�79.2 to

�57.6 � 0.2&) fell within the range of d13CCH4 values

recorded in the literature for biogenic CH4 production in

other arctic studies (Quay et al., 1988; Walter et al.,

2008). Only the deepest sediment layer (~ 88 cm) in Siq

showed a borderline thermogenic (c.f. Walter Anthony

et al., 2012) signal. At this depth, however, substrate

depletion due to extensive organic matter decomposition

(Pedersen et al., 2011) could result in biogenic CH4 with

heavier d13CCH4 values (Whiticar, 1999).

Biological CH4 production pathways may be inferred by

estimating the isotope separation factor (eC) between

d13CCO2 and d13CCH4 and the apparent C fractionation

factor (aC) (Whiticar, 1999). For the upper 38 cm of Siq

sediments, we calculated eC between 60.4 and 67.1 and aC
between 1.065 and 1.073. This corresponds to CH4 pro-

duction by CO2 reduction (Whiticar, 1999) and is in

accordance with the values observed by Walter et al.

(2008) for ebullient CH4 sources in Siberian lakes. Alter-

native pathways, such as acetate fermentation, have been

found to occur in freshwater sediments that are rich in

organic carbon. Although acetate was present in the first

few centimeters of Siq sediment (0.3–0.6 lM), it is possible
that other forms of anaerobic respiration outcompeted

methanogenesis in the use of acetate, leaving CO2 reduc-

tion as the dominant pathway. For instance, the similarity

between the dissolved Fe (Fig. 3D) and CH4 (Fig. 4A)

profiles is not currently understood in these lakes, though

could be explained by a syntrophic relationship between

iron-reducing bacteria and methanogens (Zhou et al.,

2014), in which iron-reducing bacteria oxidize acetate to

CO2, and the CO2 is reduced by methanogenic archaea to

CH4 (via the hydrogenotrophic pathway). Despite the little

we know about iron reduction in the sediments of these

lakes, this process has been connected to ecosystem respira-

tion in drained lake basins on the coastal plain of Alaska

(Lipson et al., 2013).

CH4 production

Methane was biologically produced from organic matter

present in the first ~47 cm of Siq11 sediment at 2 °C and
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at 10 °C. Coincidentally, the amounts of CH4 produced

at 2 °C were similar to pore water CH4 levels, indicating

that CH4 present in the sediments was most likely derived

from in situ, present-day methanogenesis. The rate of

CH4 production at 10 °C in the upper sediments of Siq

was in the range of the CH4 production rates reported

for the 0.4–9.0 cm sediment depth of three shallow (4.1–
6.7 m) lakes in the Arctic Foothills region of Alaska

(Bretz & Whalen, 2014).

These results also suggest that CH4 was produced in a

temperature-dependent fashion. This kind of temperature

dependence is expected for biological reactions where

enzymes are involved (Hochachka & Somero, 1973) and

corroborates the temperature dependence of methanogene-

sis at the microbial community level recently shown by

Yvon-Durocher et al. (2014). As observed in surface (2–
20 cm) Siq sediment, a 10 °C temperature rise can be cor-

related to a 2.5- to 3.5-fold increase in CH4 production

(Conrad & Schutz, 1988); however, the threefold increase

in the rate of CH4 production in the next deeper (26–
47 cm) Siq interval supports the idea that decomposing

structurally complex, aromatic molecules requires higher

activation energies, causing enzymatic reactions to be more

sensitive to temperature (Mikan et al., 2002; Davidson &

Janssens, 2006). Below the methanogenic zone in Siq sedi-

ment, older, more recalcitrant organic matter may be

found.

CH4 sources and sediment biogeochemistry in Sukok Lake

Sediment CH4 profiles

CH4 was not retained in the sediments of Sukok Lake.

The low CH4 concentrations in both SukB and SukS sedi-

ments (Fig. 4) were surprising, considering the proximity

of the SukS sediments to an ebullient gas seep (Fig. 1).

SukS sediments transitioned from silty clay at the upper

intervals, to a combination of sandy clay loam and loamy

sand in the deeper intervals, perhaps reflecting current- or

ebullition-induced winnowing that facilitated CH4 chan-

neling through the seep. Additionally, lower TOC con-

tents in Suk compared to Siq (by a factor of ~ 4) may

have indirectly affected O2 levels in the sediments, sup-

porting lower O2 consumption rates in SukB and in SukS

vs. Siq. TOC concentration was slightly higher in SukS

than in SukB, and O2 concentration was lower at the

SukS water–sediment interface, but comparable in magni-

tude to another lake in the Arctic Foothills region (Bretz

& Whalen, 2014). The lower TOC content at both Suk

sites may also explain the higher concentrations of alterna-

tive electron acceptors (NO�
3 and SO2�

4 ) in the sediments

of this lake and establishes the conditions for other bio-

geochemical transformations to take place in the upper

layers of SukB and SukS (i.e., anaerobic methane oxida-

tion).

d13CCH4

Physical mixing of CH4 from different sources (e.g.,

microbial and thermogenic) could explain the ‘transitional’

isotope signature observed in SukS. The primary source of

CH4 in the deeper sediment layers was consistent with

thermogenic CH4, although there may also be some bio-

logical CH4 production in discrete layers of these sedi-

ments. Considering that Sukok Lake is located in a gas

field and that the sample from SukS was collected nearby

an active CH4 seep, a thermogenic CH4 signal is plausible.

Additional measures of C2–C4 hydrocarbon ratios or dD-

CH4 could be used to further substantiate this observation.

Also, methanogenesis could be thermodynamically con-

strained by high CH4 partial pressures (like the ones

observed at the nearby CH4 seep) in combination with low

concentrations of methanogenic substrates (Chong et al.,

2002) or by high redox potentials. Data from the CH4

production experiment with SukS samples however ruled

out the possibility of thermodynamic inhibition imposed

by CH4 itself. Note that the d13CCH4 for SukB samples

could not be determined due to insufficient CH4 levels.

CH4 production

Biological CH4 production was not observed from any

SukS11 interval at 2 or 10 °C, which is consistent with the

isotopically heavy d13CCH4 in SukS11. However, CH4 pro-

duction at 10 °C was detected in the upper SukB11 sedi-

ments at a rate 23-fold lower than Siq11. Temperature had

a weaker influence on CH4 production in Suk than in Siq.

According to Davidson & Janssens (2006), when substrate

is abundant, temperature increases affect the maximum

reaction rate (Vmax), but under substrate-limiting condi-

tions, the substrate concentration at which the reaction

rate equals Vmax [2 (Km)]
�1 also increases with tempera-

ture, leading to a lower apparent temperature dependence.

Therefore, the lag phase of CH4 production observed in

SukB surface sediments may be consistent with the obser-

vation that organic matter in Suk has a higher vascular

plant input and thus may not only be less abundant, but

also less labile than in Siq.

The fact that there was more TOC in the surface sedi-

ments of SukS than in SukB but there was no CH4 pro-

duction in SukS at 10 °C indicates that biological CH4

production in SukS sediments may be subject to other

environmental constraints. Alternatively, longer incubation

times or substrate additions could lead to CH4 production

from SukS, as reported in other ecosystems (e.g., Tibetan

plateau lakes; Liu et al., 2013).

Proxies for methanogen abundance as a control on CH4

concentration in thermokarst lake sediments

Copy numbers of the mcrA gene in lake sediments were

used to study the relationship between methanogen
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biomass and CH4 concentration in sediment pore waters

(Colwell et al., 2008; Freitag & Prosser, 2009; Liu et al.,

2011). Assuming the presence of 1 copy of mcrA gene per

genome of methanogenic archaea, the copy number of the

mcrA gene may be proportional to the number of cells

with potential for CH4 production (Luton et al., 2002;

Steinberg & Regan, 2008) or consumption, because mcrA

genes are also found in anaerobic CH4 oxidizers (Raghoe-

barsing et al., 2006; Beal et al., 2009; Ettwig et al.,

2010).

In Siq surface sediment, the mcrA gene copy numbers

were low but detectable, while mcrA copy numbers in Suk

were below the limits of detection established for the assay

at both sites. This pattern may at least partly explain the

observed difference in CH4 concentration between the two

lakes and is a good approximation of relative differences

between the lakes. In comparison with mcrA copy num-

bers found in a sample of active layer (permafrost) from

the Canadian High Arctic (Yergeau et al., 2010), the mcrA

copy numbers detected in Siq11 were 1 to 2 orders of

magnitude higher. Also, our results are quite comparable

to two active layer samples from the Western Canadian

Arctic, where mcrA copies g�1 wet soil were between 103

and 106 (Frank-Fahle et al., 2014), although our highest

copy number was 1.86 9 104 mcrA copies g�1 sediment

in Siq.

Archaeal (in this case methanogen) biomass was corrob-

orated by the detection of archaeol in the lake sediments

(Mccartney et al., 2013). Archaeol is an isoprenoid mem-

brane lipid produced by archaea that has been attributed in

freshwater sediments and peats to methanogenic archaea,

(Pancost et al., 2011). The presence of archaeol may

reflect active shallow sedimentary archaea (Parkes et al.,

2007) or preserved dead microbial biomass (Pancost et al.,

2011; Bischoff et al., 2013). In either case, not only was

the concentration of archaeol much higher in Siq than in

SukB and SukS, but it also tracked the trends of mcrA

copy numbers per gram of sediment, amounts of TOC,

and CH4 concentrations observed in the depth profile of

Siq, supporting the use of this compound as a proxy for

methanogenic archaea in lacustrine environments. Com-

pared to the concentrations of archaeol detected in an area

of continuous permafrost in Siberia (Bischoff et al., 2013),

where CH4 has been measured in situ and in incubations

at 10 °C (Table S1), archaeol concentrations detected in

the upper intervals of Siq were three orders of magnitude

higher, and the concentrations detected in Suk were within

the range of concentrations or slightly higher.

Archaeol abundance was also normalized to the C31

n-alkane abundance, a lipid likely to derive primarily from

diagenesis of land plant leaf waxes, to correct for terrige-

nous inputs, and to serve as a means of assessing which

lake had the highest in situ archaeol production. Archaeol-

to-n-C31 ratio was consistently higher in Siq and SukB

than in the SukS site, indicating higher contributions from

lake sedimentary archaea, above baseline values transported

in by soil lipid inputs.

Amount of organic matter, sources, and its relevance to

CH4 production

Within and among the studied thermokarst lakes, organic

matter content and composition were heterogeneous.

Unlike Siberian permafrost where the main source of

organic matter is from the Pleistocene (Zimov et al.,

1997), lacustrine sedimentary organic matter in these lakes

appears to have a contribution from ongoing in situ pri-

mary production, as observed in other lakes of the North

Slope of Alaska (Bretz & Whalen, 2014). Although ubiqui-

tous in the environment and of moderately low source

specificity, n-alkane chain length has been shown to differ

between vascular plant waxes (typically odd carbon number

n-alkanes greater than C22; Killops & Killops, 2005) and

microbial lipids (approximately C16–C24; reviewed in Me-

yers & Ishiwatari, 1993). Additionally, n-alkane chain

length may reflect the proportion of submerged vs. emer-

gent or terrigenous macrophytes, in which submerged

macrophytes produce larger proportions of shorter (C23,

C25) n-alkanes (Ficken et al., 2000).

The dominance of intermediate chain length n-alkanes

in Siq sediments indicated a substantial organic contribu-

tion from a mixture of aquatic microbial lipids (bacteria)

and algae, and terrestrial plants and soils. Siq Paq values

were consistent with a source from submerged macro-

phytes or microbial primary producers. Sterane-to-hopane

ratios reflected the relative contributions of plants and

algae vs. hopanoid-producing bacteria, with a larger pro-

portion of eukaryotic material present in the bound frac-

tion.

Suk organic matter showed a greater contribution from

allochthonous, perhaps more resistant or reworked organic

matter. Free hydrocarbons in SukS were dominated by ter-

rigenous leaf waxes (larger amounts of long-chain n-alk-

anes with high CPI; Tables S2 and S3) and trace amounts

of mature diastereoisomers of steranes and hopanes, indi-

cating a small contribution from petroleum at this site. Paq

values for the free n-alkanes in SukS sediments also

reflected supply from terrigenous plants including bryo-

phytes (e.g., Pogonatum sp. which produces low amounts

of C25, C27, and C23 n-alkanes; Haas, 1982), while the

longer chain n-alkanes more likely derived from graminoids

(e.g., Arctophila fulva, Carex spp., and Eriophorum spp.

which produce predominantly C27, C31, and C29 n-alkanes;

Oros et al., 2006; Ronkainen et al., 2013). However, high

sterane-to-hopane ratios (with C29 steranes the most abun-

dant) and elevated short-chain n-alkanes in the kerogen-

bound hydrocarbons showed significant inputs of likely

microbially derived n-alkanes. These findings from bound
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organics from the kerogen phase most likely reflect addi-

tional, though proportionately less abundant inputs from

C29 steroid-producing algae or macrophytes (e.g., chloro-

phytes) in comparison with Siq.

Microbial CH4 production rates in lake sediments can

be controlled by the amount of dissolved or total organic

carbon (Kelly & Chynoweth, 1981; Bergman et al., 2000;

Avery et al., 2003; Liu et al., 2011). In this study, organic

matter composition and proxies for methanogen abun-

dance also seemed to influence CH4 production. For

instance, the maximum amount of organic carbon observed

in SukB sediments was comparable to that of the methano-

genic zone in Siq; however, organic carbon in Suk was

more recalcitrant than in Siq, and archaeol concentrations

in Suk were much lower, perhaps explaining the low to

non-existent CH4 production in this lake. Moreover, in

Siq sediments, TOC in excess of 10 wt. % extended to

42 cm, but archaeol concentrations diminished below

~22 cm, suggesting the depletion of readily available fer-

mentation products with depth as well. TOC content may

not be used as sole predictor of short-term CH4 produc-

tion in these lakes; the lability of sedimentary organic mat-

ter influences the amount and composition of substrates

ultimately available for methanogenesis.

Implications for CH4 production from permafrost in the

North American Arctic

In comparison with permafrost samples from other arctic

environments, the amount of CH4 produced in incuba-

tions of Siq and SukB sediments was 2–3 orders of mag-

nitude higher, while the amount of CH4 accumulated in

the sediments of the lakes was within the range of CH4

concentrations detected in other arctic locations (Table

S1). Note that we have not taken seasonal or interannual

variation in this study (beyond dissolved CH4 concentra-

tions and the carbon isotopes), which may introduce

some degree of uncertainty upon our observations.

Assuming an average porosity of 0.28 � 0.07, an average

headspace volume of 0.009 � 0.001 L, and an average

sediment volume of 0.003 � 0.001 L, CH4 concentra-

tions detected in Siq11 ranged between ~121.40 lM and

~4.89 mM. Conversely, CH4 concentrations in SukB11

ranged between ~0.75 lM and ~5.80 lM, and CH4 con-

centrations in SukS11 ranged between ~12.62 lM and

~405.12 lM. These concentrations are comparable to

CH4 concentrations detected 60 miles to the south in

Qalluuraq Lake, which has active gas seeps, although the

concentrations in the first ~30-cm sediments of Siq11

were ~2.5 9 higher than in Qalluuraq Lake sediments

(He et al., 2012). Moreover, CH4 concentrations in Siq

exceeded the maximum CH4 concentration detected in

lake GTH 112 in the Arctic Foothills region by approxi-

mately an order of magnitude which displayed a similar

trend in the pore water CH4 profile (Bretz & Whalen,

2014).

Our study demonstrated that methanogenic archaea

present in Alaska’s North Slope thermokarst lakes are able

to use in situ substrates for methanogenesis in a tempera-

ture-dependent fashion and that the amount of CH4 pro-

duced is proportional to the mcrA copy number, the

concentration of archaeol, and the amount of labile organic

matter in the sediments. These findings are particularly

important when considering possible scenarios of climate

change (Yvon-Durocher et al., 2014). The effect of

increasing the temperature by 8 °C (from 2 to 10 °C) on

CH4 production rates was substantial for Siq. Currently,

the largest source of CH4 in this region of the North

Slope of Alaska is the release of thermogenic CH4 (Walter

Anthony et al., 2012). In scenarios of warming climate,

our data lead us to contend that biological CH4 produc-

tion may play a larger role in CH4 emissions in the future,

although here, we have not considered CH4 sinks (e.g.,

methanotrophy), which will also likely respond in parallel

with temperature (Lofton et al., 2014).

A point of caution is that this study focused on the inte-

rior of the lakes, although it is possible CH4 production

varies throughout the lakes and may be strongest at

organic-rich thermokarst lake margins. Therefore, future

estimates of CH4 emissions should comprise spatial charac-

terization and include the organic-rich shelf area, to be an

adequate predictor of CH4 release from Alaskan thermok-

arst lakes. CH4 emission estimates would also benefit from

including annual components of the production cycle to

account for the impact of temperature shifts. With these

cautions in mind, this study constitutes an important first

step in determining the contribution of biogenic CH4 to

CH4 budgets in the changing Alaskan arctic environment

in proximal, yet contrasting thermokarst lake ecosystems.
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