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Abstract

Thermokarst lakes accelerate deep permafrost thaw and the mobilization of previously frozen soil
organic carbon. This leads to microbial decomposition and large releases of carbon dioxide (CO,)
and methane (CH,) that enhance climate warming. However, the time scale of permafrost-carbon
emissions following thaw is not well known but is important for understanding how abrupt
permafrost thaw impacts climate feedback. We combined field measurements and radiocarbon
dating of CH, ebullition with (a) an assessment of lake area changes delineated from
high-resolution (1-2.5 m) optical imagery and (b) geophysical measurements of thaw bulbs
(taliks) to determine the spatiotemporal dynamics of hotspot-seep CH,4 ebullition in interior
Alaska thermokarst lakes. Hotspot seeps are characterized as point-sources of high ebullition that
release '*C-depleted CH, from deep (up to tens of meters) within lake thaw bulbs year-round.
Thermokarst lakes, initiated by a variety of factors, doubled in number and increased 37.5% in area
from 1949 to 2009 as climate warmed. Approximately 80% of contemporary CH,4 hotspot seeps
were associated with this recent thermokarst activity, occurring where 60 years of abrupt thaw took
place as a result of new and expanded lake areas. Hotspot occurrence diminished with distance
from thermokarst lake margins. We attribute older *C ages of CH, released from hotspot seeps in
older, expanding thermokarst lakes (1*Ccp4 20079 & 1227 years BP, mean =+ standard error
(s.e.m.) years) to deeper taliks (thaw bulbs) compared to younger *Ccyyy in new lakes ("*Ccpyq
8526 + 741 years BP) with shallower taliks. We find that smaller, non-hotspot ebullition seeps have
younger '“C ages (expanding lakes 7473 + 1762 years; new lakes 4742 + 803 years) and that their
emissions span a larger historic range. These observations provide a first-order constraint on the
magnitude and decadal-scale duration of CH4-hotspot seep emissions following formation of
thermokarst lakes as climate warms.

© 2021 The Author(s). Published by IOP Publishing Ltd
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1. Introduction

Thermokarst lakes are the most widespread form of
abrupt permafrost thaw (Olefeldt et al 2016, Turetsky
etal 2020). They form when soil warming melts excess
ground ice, causing land surface subsidence (Jorgen-
son et al 2006, Liljedahl et al 2016, Nitzbon et al 2020).
Water pools in these sinks forming ponds (perennial
water bodies <1 ha). Ponding enhances heat trans-
fer into the ground which in turn forms taliks (per-
ennially unfrozen thaw bulbs) beneath and adjacent
to the ponds. Enhanced heat transfer continues over
decades, deepening and expanding the ponds to full-
size lakes (>1 ha; Jones et al 2011, Kessler et al 2012).
Talik formation beneath lakes accelerates deep per-
mafrost thaw beyond rates predicted from changes
in air temperature alone (Kessler et al 2012, Arp
et al 2016, Langer et al 2016, Roy-Léveillée and Burn
2017): while top-down thaw by active layer deepen-
ing degrades centimeters of permafrost soils over dec-
ades, thermokarst lakes can degrade many meters of
permafrost soil in just a few years (Grosse et al 2011,
Kessler et al 2012).

As permafrost thaws beneath radially expanding
lakes, it exposes previously frozen soil organic car-
bon to microbial metabolism. The resulting meth-
ane (CHy4) and carbon dioxide (CO,) escape lakes
via ebullition (bubbling) and diffusion. Thermokarst
lakes, particularly those formed in yedoma perma-
frost, are known landscape-scale hotspots of *C-
depleted CH,4 release (Zimov et al 1997, Walter
Anthony et al 2018, Turetsky et al 2020, Estop-
Aragonés et al 2020), reflecting the importance of
old (ancient) permafrost carbon in these emissions.
Methane emissions hotspots are also observed at the
scale of individual lakes, where ebullition seeps form
specific emissions hotspots in response to abrupt
thaw around lake margins and rapid talik growth.
However, little is known about the rates of permafrost
carbon release from thermokarst lakes and whether
or not their CH4 emissions are accelerating. A bet-
ter understanding of spatiotemporal thermokarst-
lake carbon dynamics is important since thermokarst
lakes are projected to release approximately 40% (~16
Pg C-CO,e) of ancient permafrost soil carbon emis-
sions this century under RCP8.5 (Koven et al 2015,
Schneider von Deimling et al 2015, Walter Anthony
etal 2018).

An acceleration of permafrost CHy-C release from
thermokarst lakes requires faster rates of abrupt thaw
via lake formation and expansion. Thermokarst lake
development is widespread in the Arctic (Nitze et al
2017, 2018). It is also a long-term process, which
paleoenvironmental studies have shown is driven by
climate, vegetation and fire feedbacks as well as by
region-specific ground-ice distributions (Edwards et
al 2016, Anderson et al 2019). In some regions, hydro-
logic connection between surface and sub-permafrost
groundwater impacts thermokarst lake development
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(Yoshikawa and Hinzman 2003, Wellman et al 2013,
Anderson et al 2019). Syntheses of Alaska-regional
and circumarctic thermokarst-lake basal and drain-
age ages show that thermokarst lakes have been
forming, expanding, draining and forming anew for
the past 14000 years (Bockheim et al 2004, Kap-
lina 2009, Jones et al 2012, Walter Anthony et al
2014). This study investigates whether recent rates of
thermokarst-lake development and their associated
CH,4 emissions have accelerated in response to climate
warming.

Specific objectives of this study were to (a)
quantify recent, multitemporal thermokarst-lake area
dynamics in an interior Alaska yedoma study region
and (b) relate these lake changes to spatial pat-
terns of within-lake hotspot CH, ebullition seeps
in order to constrain the time scale of permafrost-
derived ebullition in newly formed and expanding
thermokarst lakes. To this end, we utilized remote-
sensing records of thermokarst-lake formation and
expansion in interior Alaska since 1949, recent geo-
physical measurements of talik geometry, the detec-
tion of permafrost-carbon derived CHj seeps in aer-
ial photographs of early winter lake ice, and field
work.

2. Study area

Our 214 km? study area encompasses thermokarst
lakes in the discontinuous permafrost region north-
west of Fairbanks, Alaska (figure 1). This landscape
is characterized by permafrost and ice wedges cover-
ing the valley bottom and north facing slopes, ther-
mokarst lakes at toe-slopes and the valley floor, large
differences in microclimates between high- and low-
elevation areas, and an abundance of wetlands despite
relatively low precipitation.

The majority of thermokarst lakes in our study
area formed in Pleistocene-aged yedoma permafrost
soils (Kanevskiy et al 2011, 2012). Like other yedoma
landscapes (Zimov et al 2006, Murton et al 2015),
interior Alaska remained unglaciated during the Last
Glacial Maximum (Kaufman and Manley 2004). It
was dominated by graminoid-herb tundra with a
cold, dry climate (Guthrie 1968, Matthews 1970).
These soils formed syngenetically during the late
Pleistocene; however, colluvial forces and frost action
gradually retransported the late-Quaternary aeolian
silt down slope during the late Pleistocene and early
Holocene, forming icy, organic-rich (0.38%-6.8%
C), silt-dominated permafrost deposits that are fre-
quently 10 s to ~100 meters thick in valley bottoms
(Péwé 1975, Hamilton et al 1988, Muhs and Budahn
2006, Reyes et al 2010, Kanevskiy et al 2011). Gen-
erally, silt overlies fluvial deposits, which in turn
cover partially weathered, fractured schistose bed-
rock (Newberry et al 1996). Massive ice wedges, 2
to 4 m wide at their tops, are common (Hamilton
et al 1988). Melting of ground ice commonly leads to
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U.S. Geological Survey 2018b).

Figure 1. Map of our interior Alaska study site. Yedoma permafrost distribution is from Strauss e al (2016). Lakes >1 ha are from
the USGS National Hydrography Dataset (U.S. Geological Survey 2018a). Panel (b) is a zoom to our 214 km? study site in interior
Alaska, north of Fairbanks. In (b), non-anthropogenic lakes are shown on top of the Alaska LiDAR Dataset (DGGS Staff 2013,

distinct thermokarst landforms, such as gullies and
thermokarst lakes.

As landscape variability has a strong impact
on biogeochemical cycling (Tank et al 2020), we
included some thermokarst lakes which permafrost
coring (Walter Anthony et al 2016) and geologic
maps (Strauss et al 2016) revealed formed in non-
yedoma permafrost soils, such as thick Holocene
peats (>2-3 m) or wetland deposits. Areas mined
for gold and gravel since 1902 occur northeast of
our study extent and in the vicinity of Fairbanks
itself. We excluded anthropogenic lakes, which we
define as those that were actually dug by humans.
We did not differentiate between disturbance mech-
anisms of development of non-anthropogenic ther-
mokarst lakes. We acknowledge that disturbances
associated with early 20th century population
growth (supplementary figure 1 (available online at
stacks.iop.org/ERL/16/035010/mmedia)) and beavers
likely changed energy balance and hydrology, lead-
ing to ground-ice melt that initiated of some of these
lakes (supplementary information 2).

3. Methods

3.1. Remote sensing assessment of lake area
changes

We mapped historic lake margins using high-
resolution (1 m) aerial photos from 1949, 1967,
and 1985 and 2009 lake margins from 2.5 m resol-
ution Satellite Pour ’Observation de la Terre (SPOT)
imagery to quantify lake area change and thermokarst
shoreline expansion rates (supplementary inform-
ation 1.2 and 1.3). To relate lake area changes to
CH, fluxes, we classified lakes in which one or more
shoreline had retreated as ‘expanded lakes’ and lakes
that had formed entirely since 1949 as ‘new lakes.

3.2. Field-based and remote-sensing estimation of
lake ebullition

We used a combination of field measurements and
remote sensing to estimate CHy ebullition in lakes. In
the field, we took advantage of seasonal ice cover on
lakes to map discrete points of re-occurring ebulli-
tion (i.e. seeps) that have been shown to dominate
annual CH,4 emissions in yedoma thermokarst lakes
(64% to 72% of total lake CH4 emissions in Siberia
and Alaska; Walter et al 2006, Greene etal 2014,
Sepulveda-Jauregui et al 2015). In winter, down-
ward growing lake ice temporarily traps upward rising
CH, bubbles, revealing the locations of ebullition
seeps (figure 2(a)). Due to lower ebullition rates,
bubbles of A-, B-, and C-type seeps are trapped in
and beneath winter lake ice. Methane that does not
dissolve out of the under-ice bubbles and get oxid-
ized in the water column is subsequently released dur-
ing spring ice-melt (Greene et al 2014). The strongest
seeps, termed hotspots, release CH, to the atmo-
sphere year-round (Walter et al 2006). Hotspots pre-
vent ice-formation at the seep location due to water
column convection caused by high bubbling rates
(figure 2) (Zimov et al 2001, Greene et al 2014,
Daanen 2020). Using a hand-held Garmin global pos-
itioning system (GPS) and a differential GPS (dGPS)
we conducted ice-bubble surveys to map the loc-
ations of 11696 A-, B-, C- and hotspot ebullition
seeps within 92 survey transects on 29 lakes (table
1; supplementary information 1.4). Through ana-
lysis of high-resolution, early-winter aerial photos
we mapped the locations of 496 open-hole hotspot
seeps in 22 lakes (table 2; supplementary informa-
tion 1.6). In aerial photos, dark, round hotspot holes
in ice (usually <1 m diameter) had a strong con-
trast against white, snow-covered lake ice (figure 2(c),
supplementary figure 2). On the ground, we mapped
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hotspots across whole-lake surfaces in 21 lakes, 14 of
which were also aerially photographed. Seep bubble
densities were converted to ebullition rates using a
transfer function based on ~213 000 bubble-trap flux
measurements associated with different seep types
(Walter Anthony and Anthony 2013 ). Distinct ebulli-
tion events (n = 275) were sampled for analyses of gas
composition, stable isotopes and radiocarbon dating
(supplementary information 1.5).

3.3. Remote-sensing and ebullition data
corroboration using geophysics at two intensive
study lakes
We compared spatiotemporal hotspot ebullition pat-
terns and radiocarbon ages to taliks mapped with
geophysical surveys (supplementary information 1.8)
and lake sediment coring (supplementary informa-
tion 1.9) at two intensive study lakes, Goldstream
Lake (expanding lake) and Big Trail Lake (new lake)
in a similar geologic setting.

Statistical methods are provided in supplement-
ary information 1.10.

4, Results

4.1. Lake change and associated CH,4 ebullition

The number of lakes in our study area identified in
high resolution imagery more than doubled from
1949 (132 lakes) to 2009 (278 lakes). Formation of
202 new lakes in yedoma permafrost deposits offset
the disappearance of 71 existing lakes (figure 3(a)).
Fifteen non-yedoma lakes formed between 1949 and
2009, offsetting the drainage of three existing lakes
and doubling the total number of non-yedoma lakes
in the study extent. Non-yedoma lakes comprised
6.8% of the 278 lakes in 2009.

Total lake area growth accelerated from 1949 to
2009 (figure 3(b)). New lakes comprised 35% of total
lake area in 2009, compensating for shrinkage and
drainage of some existing lakes and contributing to
a net lake area increase of 37.5% from 1949 (71.6 ha)
to 2009 (98.5 ha).

Changes in lake number and area across the
remote sensing time series (figure 4.) highlight the
dynamics associated with recently developed ther-
mokarst lakes in ice-rich permafrost in the study
area. Lakes larger than 5 ha remained fairly stable
between 1949 and 2009. Exceptional lake area expan-
sion occurred in the 2.5-5 ha class between 1967 and
1985, and a large increase in lake number occurred
in the 1.0-2.5 ha size class during the following
time period (supplementary information 1.10). The
observed lake dynamics highlight the role of recently
formed and maturing lakes on the spatio-temporal
patterns of CHy ebullition identified in the study area.

The average expansion rate of shorelines in lakes
that existed prior to 1949 was 0.27 + 0.09 m yr—!
(mean + standard deviation) for yedoma lakes and
0.27 +0.08 myr ! for non-yedoma lakes (19492009
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period). Expansion rates of new yedoma lakes, which
formed after 1949, were 0.63 + 0.27 m yr— 1.

Ebullition fluxes estimated from ice-bubble sur-
veys of A-, B-, C- and hotspot seeps coupled to
bubble-trap fluxes revealed >2 times higher ebullition
in new lakes compared to older, expanding lakes in
both yedoma and non-yedoma permafrost soil types
(table 1; Welch two-sample test, p < 0.001). Ebulli-
tion in yedoma lakes was 3.0-fold and 3.7-fold higher
than in non-yedoma lakes for new lakes and expand-
ing lakes, respectively (Two-sample test, p < 0.001).

In new yedoma thermokarst lakes, hotspot seeps,
which were <0.004% of lake area (based on bubble-
cluster diameter of ~5 cm measured with a 1 cm grid
at the lake surface; ten seeps measured on two lakes)
comprised 5 £ 1% of total lake seep ebullition. In
older expanding yedoma thermokarst lakes, hotspot
seeps, which were <0.005% of total lake area, were
7 4 2% of total lake seep ebullition (table 1). Hotspot
density was nearly two times higher in the new ther-
mokarst areas compared to stable open water areas
that were already lakes in 1949 (table 3). Only one
of the five non-yedoma lakes had hotspots (table 1),
and hotspot density in the expanded area of this lake
was 4—6 times lower than in new yedoma lake areas
(table 3).

Methane dominated ebullition bubbles (~80% by
volume), while bubble CO, concentrations were typ-
ically 1% to 2%. Bubble CH, concentration did not
significantly vary by lake type, but it was higher in
hotspot seep bubbles compared to non-hotspot-seep
bubbles (ANOVA; p < 0.001) (table 4). Carbon stable
isotope values of CHy (6'*Ccpa: —77%0 to —54%.o,
min to max) were consistent with microbial meth-
anogenesis. The radiocarbon age of CH, ("*Ccpy)
in hotspot seeps was younger for new yedoma lakes
(8526 =+ 741 C years BP) compared to expanding
yedoma lakes (20 079 = 1227 C years BP) (table 4).
4Ccpy in non-hotspot seeps of expanding yedoma
lakes were younger (7473 =& 1762 *C years BP) than
from hotspots in these lakes. Non-hotspot seeps were
also younger in new yedoma lakes (4742 + 803 '*C
years BP) compared to hotspots in new lakes. Non-
yedoma lake hotspots had the youngest *Ccyy age
(2450 4 25 *C years BP).

Spatial patterns of hotspot seeps derived from aer-
ial photo analysis were highly correlated with those
based on ground surveys (Kendall’s rank correlation
tau = 0.6277; p < 0.0001) (figure 6, supplement-
ary figures 3-5). In expanding yedoma lakes, hot-
spots were most common near the shorelines that
had changed from land to open water since 1949. We
observed hotspots across much of the lake surfaces in
new yedoma lakes. Very few hotspots were observed
in non-yedoma lakes, regardless of lake expansion.
Figure 7 shows photographs of expanding and stable
interior Alaska lake shorelines.

Of the lake hotspot seeps identified through our
remote sensing analysis, 86% (76% in field work,



KM W Anthony et al

Environ. Res. Lett. 16 (2021) 035010

10P Publishing

%V %¥00°0 00T i 98  ¥669°LVI—  S6C0°S9 neA ST
%0 %000°0 4! € 0ST  OV9L°L¥PI—  T6L8'F9 noqren 4!
%0 %000°0 €L 4 6¢  6SV8LYI—  ¥EC6FO 1OMO[JUIM, €1
%0 %000°0 09 € 0ST  STI98°L¥I— 911679 Aooe B1g 4!
%S %Z00°0 €71 I VP 09T6°LVI—  $988°%9 Suissorp Addey 11
%0T %¥00°0 6¢€1 4 ¥6 689 LVI—  S698F9  moy dooT]siourre] 01
%L %1000 9t ¢ 0ST  GoP88°L¥YI—  €016'F9 PUOJSIoYST] 6
%0 %000°0 9t 4 00T  CCP6’LYI—  8T06'F9 PIoYd 8
— — 01 1 8%  G8G8/¥I—  9906F9 sndo1d>Q AT -
%V %¢200°0 LLT € 8%T  8098'L¥I—  9L06F9 sndopQ ynog L
- - 08 € 0ST  TI98'L¥I— 180679 sndopQ y1IoN -
%ST %¥00°0 901 4 66  OTL8'LVPI—  €€98F9 suaydang 9
%9¢ %¢S00°0 6¥ 4! 8LT1  S6V8L¥I—  9S16F9 wreanspion S
%61 %€00°0 8¥ 9 SLT  LOT®LYI—  T9€6'T9 A1oquer) 4
%38 %2000 12 € 8.1  60V6'L¥I—  LE98'F9 DM ¢
%0 %000°0 9¢ € 0ST  OL¥P8°LVI—  8TI6'F9 95000 (4
%0 %000°0 4 4 00T  0LS8'LVI—  ¥TI6'%9 Se[q I
ST %T %L %0000 +  %c00°0 LT L F 0'¥8 europag —saye| Surpuedxy
saye| u 0 UBIN S UBIN saye| u S UBIN SkENeAy ] ANEV BIIR (My) (N,) Jwreu ‘ON
(%) xnj Jo uonoeyy JodsjoH (%) ®a1e Jo uonoely Jodsjoy (34, _w ) uonings dodg pafoains-ppary  epmyduo]  apmine] e e

*G 21n31 UT UMOYS dIE SUOTIEDO] e "SAE[ ISTENOULIDY]) BYSEY JOLIUI /7 UO $109sUeI) A2AINS 9[qQNQ-IDT Paseq-punoisd woly saxnyy uonijngs dasg 1 a[qer,



KM W Anthony et al

Environ. Res. Lett. 16 (2021) 035010

10P Publishing

*S[[oYs JUBpUNQE PUE (12)WEIP UID ()]—Z) POOM ISIROD [IIM I]IS YOLI-d1UeZI0

o1 ‘papueq sem ST} leauaq *(vuvysvjpoau vjnjag) yoiiq 1oded exse[y Jo yieq pue poom pastasaid-[am Jo 1o4e] e SUIA[1040 Jead JO UID G¢ JO PIAISISUOD ST S[PPIA PUL TB)S UdaM]2q PAUTLIqO 910D Jsojetrtod Umd G/¢ v,
-Surpuedxa s1 puog suaA)g yo1yMm ojur ysorjewrrad ewropas joejur Jo ATepUNOq Y} 1edU LI2A P2IeIO] ST e Iwg s3sad3ns

SIYL *(9107 1v 42 Auoyiuy 1a3[ep ) 4 sTe24 0€T F 00L 0€ Sem PUO SUIAIS WOIJ $9[qqnq Jodsioy ut PHOD 1 (SIUIWIPAS YOLI-IIs AT 03Ul UOISURAXD ISIBYOWLIDY) [I1I03SIY PIde PIMOYS e YHWS JA0]R SIFIIW [BI9AIS UOHRAI[D
90BJINS B YIIM BT YITWS JO MG ) 0} W 007 PAILIO] “puo SuaAlS *(600¢ A[n[ "wrtrod s1ad) wonisod adesspuef 31 1o paseq s3ss2501d [eIAN]J JUIDOUE Aq PIOUINFUT UIIQ 2ABY OS] ABUT )T P21sAZINS IoPULKIA[Y ‘A “ToAdmOT UIZLI0
e (3sIBNOUWLISY}) JTUIZOAID B PILISJUL (/6 1) dIepsieq pue IDPUBXd[Y (9107 Jv 42 Auoyqiuy I93[eM ) dd $184 Dy ST F 0SHT Sem UISIBW JSIeYOULIIY) ST} SUO[R e[ 3Y3 UL Pa3dI[[0d sa[qqnq jodsioy jo ade YHOD, , oy, *(pajeiqreoun)
dd s1eak Dy ST F 0£1930 38e-D,, & pey wd (/g e Jead 93pas woxy uadye) spass “dds xasv) "yead YoLI-231 JO WD ()£ JO PIISISUOD UOISURAXD JSIBYOUWLIIY) JO BIIE UL UT BT YHWS JO UISIBUW G Y} UT UIYE) SII0D JSOLRULID]
*(uoryewrrojur Areyuswa(ddns 99s) AJTAIOR JSIEYOWLIAY) 1O J[OUI 90T PUNOIS JO OUIPIAI SO PUE (WD ()/>) MO[[BYS A[[BULIOUQE ST JT “BUWIOPIA

ur saye[ mau 1130 M1[u) Surreap [eanymorie Juimorjoy uorssaxdap oryderdodoy e ur pauriog jey) puod I2I[INO U ST )] "SI¥e[ ISTEYOULIAY) BUIOPIA MIU WO} XN[j UBSW ) JO UOTJE[NI[ED UT PIPNIOUI JOU SEM puod 32210 doayg ,

%0 %0000 6€ ! 9C  0L9L°LvI—  €T88%9  ,MS PUod 18IS LT
%0 %0000 6L 1 € 999L°Ly1— G889 >N PUod Te1§ 9¢
T %00 F %00 %0000 F+ %0000 (2NN 4 S L'8S BUIOPIA-UON—SME[ MIN
%0 %000°0 8¥ ! 9¢  069L°LvI—  0€88'%9 >PIPPIN SC
%0 %0000 It ! 0L LOLLLvI—  ¥¥88F9 SeTIOpUISY 44
%0 %0000 0s 4 981  089L°LvI—  T1C88%9 LB 18IS €C
%€ %0000 14 € €T L€98°L¥I—  1998%9 Qs (44
¥ %90 F %9°0 %0000 + %0000 vy oora o+ '8¢ ewopa4-uoN—saye| Surpuedxy
%0 %0000 (40! ! 9¢  00S6°LvI— 696879 Sea1D doays 14
%S %7000 S9¢ [4 06  98¢6’LVI— 110679 MW 0¢
%S %¢€00°0 891 € GGT  LO8LLVI—  SIC6'V9 pmbs 61
%¥ %7000 1€t [4 60T  8S6L°LVI—  0ST6'V9 €INAD 81
%38 %¥00°0 L61 ST 609  CIC8LVI— 681679 [reir, 81g A
%S %¢€00°0 144 ! L6 09I8'LvI—  8TC6'V9 drdey 91
S %l F %S %0000 F  %€00°0 s €91 F TLIT BUIOPIX—S3B] MON
ST %t F %L %0000 F  %c00°0 A B B 0'v8 europax —saxye| urpuedxy
SoYe[ U s ued]N qas UedA Soxe[ U s UedN (SRENA ) () eare (My) (No) swreu 'ON
(%) xnf Jo uonoey Jodsioy (%) ®are Jo uonoeyy jodsjoyg (14 2~ W ) wonings daag pakoams-pper]  opmyduo]  opnine] e e

e w.:aw@ UT UMOUS o1e SUOTIBIO0] 9XeT "Soye] ISIeOULIaY] BYSe[y I0LIul /7 U0 S)dasuer) Aoains 2[qqnq-a01 _uuwwﬂu—uﬁﬁo\ﬁw WO saxn[j uoningo Qoom ‘1219eL



KM W Anthony et al

Environ. Res. Lett. 16 (2021) 035010

10P Publishing

1 09'1 — — — YIS LY — €576'79 BUIOPaA MAN 4dooug Ge
0 10°€ — — — 1616 LVT— L66879 BUIOPIL MON FINMD i
0 18°C — — — SE16' LT — c868°%9 BUWIOPIL MIN TINMD €€
% 0€'T — — — 6878 LF1— 660679 BUWIOPIL MON I'INMD 43
1€ c8T — — — 9018 LF1— SHT6'79 PUWIOPIL MON TINAD 1€
€ 8.1 — — — CEI8 LVI— 0026’79 PUWIOPIL MON TINED 0¢
8 991 S9'T 8 91-£1-0T sdoHa LS6L LF1— 057679 PUIOPIL MAN CINED 8T
861 €0°¢ 70°€ g6l F1-02-01 sdoHa 0128 LF1— €616'79 ewopak MON [re1r, Srg L1
(5% 81T LT ¥ 91-81-01 sdoHd LS1S VT — €ET6'PY BUWOPaA MIN 31deg 91
BUIOPIA
0 8/°0 0 61-T1-¥ uruLIen) 8616°LF1— 789879 -uou papuedxy axoy 6T
ewIopak
€ T — — — LOLL LF1— 98879 -uou papuedxy Joapuray ¥T
eUIOPIL
0 S1T vI'T 0 91-67-01 Sdod 089L°LF1— 1288'%9 -uou papuedxy LN €T
BUIOPIA
¢ AN 4 — — LE98 VT — 15989 -uou papuedxy L prug (44
I 961 S6'l L 91-91-01 SdHa 6806°LF1— SL68%9 ewopak papuedxy nuydnoq 8T
0 9T'1 €TT 0 91-57-0T sdoHa 8¥9L LT — 98/8'%9 ewopa£ papuedxy noque) ial
o 081 8.1 (47 F1-12-01 Sdod 6658 LV1— GL06'79 ewopak papuedxy sndooQ L
61 91T PI°T 0T PI-12-01 Sdod AVANAAES 1€98°%9 ewopaA papuedxy suaydag 9
¥ 901 €01 |92 T-LT¥ sdoHa 1878 LV1— LS16'79 ewiopak papuedxy weanspon S
L1 96'1 S6'l (44 €1-S2-01 sdHd 1028 LV1— 0L£6'79 ewiopak papuedxy A1rquer) i4
1€ 91T LS 11-62-% urwen 96£6°LF1— 869879 ewiopaA papuedxyg EaliETq | ¢
0 68'1 0 61-0Z-01 urwen 0L¥8 LF1— LTI6'79 ewopak papuedxy 350095 4
0 €1'C 0 8I-1-11 ururren 0458 L¥T— 071679 euIopak papuedxy efy I
sjods (w) @I (wr) 10113 SINY (A&/pp/urur) dlyggoprid (m o) opnyduo] (N,) epmine ad4y axe Juwreu e ‘ON e
|uO£ ﬂuu«uu«uﬁ Goﬁmumﬁuu.ﬁ |uO£ Uuuuuuu@ oﬁw@ Eomtwmsvuw
-y pqunN -OQQ  -p[RY IquinyN elep pparg

"F10¢ 1990300 § woj [[e a1e sojoyd [ery ‘saypeordde (Sy) Sursuss sjourar pue p[oyy
ur pa3o219p s30dsjoy Jo 2qUUINU pue () 2IUBISIP JOLId WNWIUIW pue (SIARY ‘@Ienbs ueaur Joox) UOIedyNoI0Y}I0 STLWI YIIM PIJRIdOSSe s10119 Sursuas-ajowal paynuenb ejepejow pue suoneso] e[ Apnis ojoyd [eLIdY *g [qeL



10P Publishing Environ. Res. Lett. 16 (2021) 035010 KM W Anthony et al

Figure 2. Photographs of CH, ebullition hotspot seeps in interior Alaska yedoma thermokarst lakes. In (a), ice-free hotspot
ebullition seeps are shown in early winter prior to snowfall among other smaller seeps (A-, B-, and C-type seeps), the bubbles of
which are seasonally trapped by winter lake ice and appear as white patches. In (b), a dusting of snow covers the lake ice surface,
largely masking the smaller ice-trapped bubbles, but exposing with strong color contrast the open-hole CH, hotspot seeps. The
dark, round features in panel (c) are hotspot ebullition seeps as seen in aerial photographs; white patches are smaller A-, B- and
C-type seeps. Photo credit: (a) Katey Walter Anthony, October 2016; (b) Guido Grosse, October 2011; and (c) Jessica Cherry,

October 2014.

a Net lake area change (%)
Permafrost Lake Number of lakes Lake area (ha) 1949 to 1967 to 1985 to 1949 to
type type 1949 1967 1985 2009 1949 1967 1985 2009 1967 1985 2009 2009
Yedoma = New - 109 201 202 - 92 17.6 335 - 93% 90% -

m Existing 125 93 78 57 56.6 44.1 447 49.8 -22% 1% 11% -12%

Non-yedoma = New - 2 6 15 - 03 05 09 - 94% 75% -

= Existing 7 5 5 4 150 14.1 13.6 143 -6% -3% 5% -5%

Total [ 132 209 290 278 71.6 67.6 76.5 98.5 -6% 13% 29% 38%
b 1.0- 1949 to 1967 1967 to 1985 1985 to 2009

Net lake area change rate
(halyr)

Figure 3. Multi-temporal changes in the number and area of lakes in the 214 km? interior Alaska study extent from 1949 to 2009
for new and existing lakes formed in yedoma and non-yedoma permafrost types. Panel (a) shows the number, area, and percent
change in net lake area; panel (b) shows the rate of change for different classes of lakes calculated as the net change divided by the
number of years across the three intervening study periods.

Table 3. Hotspot density calculated as the quotient of total number of hotspot seeps and total area surveyed in field work. The 1949
shorelines delineated ‘new’ lake zones from ‘stable’ lake zones.

Area sur- Number of Hotspot density
Permafrost type  Lake type Lakezone  veyed (m®)  hotspot seeps (seeps/100 m?) n lakes
Yedoma Expanded Stable 1,12501 144 0.13 12
New 50504 121 0.24 12
Yedoma New New 83202 294 0.35 5
Yedoma New (without Big New 35102 99 0.28 4
Trail L.)
Non-yedoma Expanded Stable 1,08,429 2 <0.002 1
New 3651 2 0.05 1
Non-yedoma New New 564 0 0
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Figure 4. Lake number (a) and area (b) by size class across different years.

FW) occurred in areas of lakes that had changed
from land to water between 1949 and 2009, with
the remaining 14% (24% FW) occurring within
29 m (36 m FW) of the 1949 shoreline towards the
center of the lake (figures 8(a) and (b)). Exclud-
ing Big Trail Lake, a large new lake with ~200
hotspots, we found hotspots were still predomin-
ately (78% and 60%) in newly formed lake areas
based on aerial photo and field work measurements,
respectively.

4.2. Talik depth relationship to abrupt-thaw CH,4
ebullition in two intensive study lakes

We used geophysical measurements of talik depths
and lake sediment coring to improve understanding
of lake-surface ebullition patterns and CH, ages in
relation to abrupt thaw in expanding versus new
lake types. Geophysical measurements, including
both ground-based electrical resistivity tomography
(ERT) and airborne electromagnetics (AEM) revealed
differences in talik depths between two intensively
studied lakes, Goldstream Lake (expanding lake) and
Big Trail Lake (new lake) (figure 9). In Goldstream
Lake, where radiocarbon dated lake sediment cores
suggest the center of the lake originated approxim-
ately 850 years ago (figure 10), talik depth exten-
ded through the ~20 m thickness of in-situ thawed
yedoma (i.e. taberites), which had late-Pleistocene
age-dates (>39600 to >54585 years BP) to 40 m
as inferred by the region of low electrical resistiv-
ity (figures 9(c) and (e)). The talik was not as deep
(<30 m) closer to the expanding eastern thermokarst

10

margin (figure 9), where hotspot ebullition was con-
centrated and where bubble *Ccyyy ages were up to
30800 years. BP (figure 10(e)). In contrast, Big Trail
Lake, formed from a wetland between 1949 and 1967,
had a shallower talik (<15 m) (figures 9(d) and (f))
and younger *Ccpy in hotspots (544013 650 years
BP) that extend across the whole lake surface
(figure 10(f)).

5. Discussion

5.1. Acceleration of thermokarst-lake formation
The 37.5% net increase in lake area in our interior
Alaska study area from 1949 to 2009 is large, but
not unprecedented among other ice-rich, permafrost
regions of Quebec (50% increase 1957-2003, Pay-
ette et al 2004) and Siberia (18% increase 2001-2009;
Boike et al 2016). Mean lake expansion (0.27 m yr~')
rates we observed tended to be lower than those
observed on the windier Arctic coastal plain of Alaska
(~0.7 m yr_l; Arp et al 2011, Lewellen 1970) and
other pan-Arctic thermokarst lakes of the tundra
(Jones et al 2011).

Our multi-temporal analysis demonstrates fluc-
tuations in lake number and area across the study
period that coincide with expected effects of climate
on lake development. We did not see the formation
of many large lakes that would otherwise point to
non-climate related drivers. While we cannot rule
out unknown lags in the impacts of road construc-
tion, agriculture, fire, and mining on lake develop-
ment, these anthropogenic activities largely occurred



I0OP Publishing

Environ. Res. Lett. 16 (2021) 035010

KM W Anthony et al

1949 to 2009
a ) Land to water
' I Stable water
Lake to land
b__ © Exp.
< 500 0.8 Non—ye .
s, | — =
g 400 1 = 061 New
) 1 o . Yedoma
< 300 ] (Z- ’ ——
-
= 1 - E:) 0.4+ E di ——
c ] | Xpanding
2 200 | o 0.3 Yedoma =
= =9) (n=2 o 0.21 |
23 100 1 4 s R(2) > -
w 1 ’:I:‘ I M 0.1
0 - 0
Exp. New Exp. New 5 7 6153 17 16 18 19 22
Yedoma Non-yedoma Lake number
Figure 5. Methane ebullition in expanding and new thermokarst lakes in interior Alaska. In the map (panel a), new open water
lake areas identified as a transition from land in 1949 historical aerial photography to open water in 2009 SPOT imagery, are
shown in turquoise; areas of lake loss during that period are shown in orange; and stable open water lake areas are in blue.
Anthropogenic lakes dug by humans (e.g. gravel pits) were excluded from our analysis. Panel (b) shows CH, ebullition observed
on the ground along ice-bubble survey transects (n = number of transects). In (c), dots are *Ccpy ages, expressed as fraction of
modern carbon (fM), observed in individual hotspot-seep ebullition events. Boxplots show the minimum, first quartile, median,
mean, third quartile, and maximum values. There were two outliers of exceedingly high ebullition in expanding lakes; these
transects were located in new areas of expanding thermokarst lakes. Numbers in (a) indicate locations of study lakes listed in
tables 1 and 2. The background image in (a) is a hillshade derived from a digital terrain model created with 2017 q11 and q12
Lidar data (DGGS Staff 2013).

in the first half of the 20th century, prior to our earli-
est record of lake areas (year 1949). If human activ-
ities were a primary driver of lake expansion, then
we would not expect the large decrease in lake num-
ber and area that occurred between 1949 and 1967.
Hereafter we discuss lake development in relation
to climate. Non-climate related factors (e.g. humans,
beavers) and wildfire are further discussed in supple-
mentary information 2.

Long-term multi-decadal warming corresponded
with lake area increase (figures 11(b) and (e)), but
short-term pulse events may also have contributed.

For instance, summer air temperatures warmed since
1949 (0.03 °C yr—') with each period showing a
warmer average temperature, while the trend within
each time period was inversely correlated to lake
expansion. An increased frequency of imagery could
provide an assessment of the role of extreme weather
events on lake expansion and abrupt thaw. Literature
on abrupt ice-wedge degradation in the continuous
permafrost has emphasized the impact of one sum-
mer’s extreme warmth (Jorgenson et al 2006, Liljedahl
et al 2016), which may be equally important for lake
abrupt thaw. Thirty-three of the warmest summers

11
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200 m
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See supplementary figures 3—5 for additional lakes.

Figure 6. Examples of CH, hotspot-seep patterns in two interior Alaska yedoma lake classes: Expanding lakes (a)—(i) and new
thermokarst lakes (j)—(r). Despite significant lake area loss along some shorelines of lakes existing in 1949 (e.g. Octopus L.,
Goldstream L.), these lakes were categorized as ‘expanding’ due to our focus on relating CH, ebullition to those shorelines that
did expand. Left-column panels show locations of hotspot seeps (white dots) mapped from high resolution aerial photos obtained
on 8 October 2014. Yellow lines are the 1949 shorelines shown on top of 2009 SPOT imagery. Hotspot seep densities in 400 m?
pixels are shown based on aerial photo analysis (middle column panels) and ground-based field surveys (right column panels).

Number Hotspot seeps per 400 m?
N ] I

1 2-3 46 79 10-12 13-1516-31

in the entire time series have occurred in the two
most recent time periods (1967—2009) when lake area
increase was most dramatic.

Changes in autumn air temperature may also
have affected lake area change. While p-values were
too high to confirm statistical significance (supple-
mentary table 1), we noticed corresponding trends in
lake area growth and autumn (September—October)
air temperature during the three study intervals
(figure 11(d)). Lake area increased with warming fall
air temperatures of 0.02 °C yr—! (1967-1985) and
0.06 °C yr~! (1985-2009), although the average fall

temperature was relatively unchanged (1.9 £ 1.5 and
1.5 + 2.2 °C, mean/standard deviation, respectively)
between the two time periods (figure 11). Lake area
decreased (—6%) when fall temperatures decreased
(—0.04 °C yr~! 1949-1967), although expansion of
floating mats in some lakes by 1967 also contributed
to the shrinkage of open water lake area. Warmer
autumn seasons suggest an increase in the rain-to-
snow precipitation ratio (Bintanja and Andry 2017)
during a time when evapotranspiration losses are rel-
atively low (Nakai et al 2013). Any increased ground-
water storage and subsequent groundwater flow may

12
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Figure 7. Photographs showing examples of eroding thermokarst margins (a), (b) and a stable margin (c) in interior Alaska
thermokarst lakes. Photo credit: Katey Walter Anthony.
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Figure 8. Proximity of CHy ebullition hotspots to expanding thermokarst-lake shorelines detected through aerial photo analysis
(a) and field work (b). Horizontal-axis values are the distance of hotspots lakeward from the 1949 shoreline. Shown on a separate
scale are the total number of hotspots detected inside new lake areas. New lake areas include areas inside thermokarst expansion
zones and new lakes (i.e. areas of lakes in 2009 that were land in 1949). Results highlight the proximity to recent thermokarst as a

key control on hotspot ebullition CHy seepage.

therefore promote thermal erosion of permafrost,
ultimately favoring shoreline erosion of thermokarst
lakes. Increased rainfall has stimulated increased act-
ive layer depths across a variety of interior Alaskan
boreal ecosystems in recent years (Douglas et al 2020).

Lake area changes also followed precipitation pat-
terns. A 6% decrease in regional lake area from 1949
to 1967 was concurrent with a persistent decrease in
summer precipitation from 1930 to 1967. However,
regional lake area subsequently increased 13% from
1967 to 1985 and then 30% from 1985 to 2009, while
summer precipitation increased only during the last
period (figure 11(c), supplementary table 1).

We found that lake and climate changes were
coupled in the same ways for existing lakes versus new
yedoma lakes and non-yedoma lakes from 1967 to
2009; however, increases in new lake area were most
pronounced. When new ponds first form, their devel-
opment may be slow when shallow water freezes to the
bed in winter since bedfast ice impedes talik devel-
opment (Soloviev 1973). However, warming during
the summer and fall accelerates development. Once
lakes become deep enough to retain floating ice in
winter, talik growth continues year-round and at a
faster rate annually (Burn and Smith 1990, Arp et
al 2015). While, the number of new yedoma lakes
increased by only one lake from 1985 to 2009, the

area of the 201 previously formed, new yedoma lakes
doubled during that period (figure 3(a)). It is likely
that this rapid expansion was caused by warmer, wet-
ter summers that accelerated degradation of ground
ice surrounding the newly formed lakes.

5.2. Permafrost-derived CH, ebullition decreases
with lake age

We attribute the 2.6-fold higher ebullition in new
lakes compared to older, expanding lakes (figure 5,
table 1) to the fraction of lake surface actively expand-
ing into yedoma permafrost deposits. Radial expan-
sion of taliks into labile yedoma substrates beneath
new lakes leads to high emissions across entire lake
surfaces. In contrast, the labile permafrost carbon
pool has been previously exhausted beneath more of
the older expanding lakes, such that high ebullition
is now concentrated in areas of expanding shorelines
(Walter Anthony and Anthony 2013).

Our interpretation that CH; production and
ebullition decrease over time as thawed permafrost
soil organic carbon substrates are used up is also
supported by the empirical relationship observed
between lake age and ebullition among age-dated
thermokarst lakes in the yedoma regions of north
Siberia, the northern Seward Peninsula, Alaska, and
interior Alaska (figure 12).
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Figure 9. Geophysical measurements of talik profiles beneath two interior Alaska thermokarst lakes. The locations of
ground-based ERT and AEM transect data are shown for Goldstream Lake (average depth 1.9 m, max depth 4.4 m) (panel a) and
Big Trail Lake (mean depth 1.2. m, max depth 4.1 m) (panel b).
line in (b) indicates vegetated wetland) and shown on top of the 2009 SPOT image. Panels (c) and (d) are ground-based ERT
profiles. Panels (e) and (f) are helicopter-borne AEM profiles; black dashed line is talik depth. Consistent with the AEM profile, a
separate ground-based ERT transect measured perpendicular to z’-z’’ indicated >15 m thaw beneath the narrow channel (C)
connecting Big Trail Lake to the adjacent thaw pond (data not shown).

In (a) and (b), historical 1949 shorelines are white (dashed white

Goldstream Lake and Big Trail Lake further sup-
port the concept that permafrost soil organic car-
bon fueling methanogenesis in taliks diminishes over
time since thaw (figure 10). Because it was older and
already had a deep talik, thaw beneath Goldstream
Lake expanded radially at greater depths during the
past 60 years than thaw beneath Big Trail Lake. The
deeper radial thaw beneath older lakes with deeper
taliks provides microbes access to older, more deeply
buried syngenetic permafrost soil organic carbon.

This results in older *C ages in hotspot ebullition
seeps from existing lakes compared to new lakes
(figure 5(c), table 4), a pattern that we attribute to
talik depth (figure 10).

In both lakes, the '*C age of CH, in hotspot seeps
decreased with distance from the thermokarst mar-
gin (figures 10(e) and (f)). This is likely explained by
mixing during bubble ascent through sediments. As
bubbles rise, *C-depleted CH, formed deep within
taliks mixes with younger CH, formed in surface

14
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Figure 10. Relationships between radiocarbon age, seep densities, and talik depths for the older, expanding Goldstream Lake

versus the newly-formed abrupt-thaw lake, Big Trail Lake. In (a) and (b), historical 1949 shorelines are white (dashed white line in
(b) indicates vegetated wetland) and shown on top of the 2009 SPOT image. In panels (c—f), hotspot ebullition seeps are shown as
filled circles; other non-hotspot ebullition seeps are open circles. Non-hotspot seep densities in (c) were derived from Lindgren et

Distance (m)

al (2016). Hotspot seep densities in (c) and (d) are from aerial-photo analysis in this study. Panel (g) and (h) bathymetric
cross-profile locations are indicated in (a) and (b). In (i) and (j), approximate talik depths are shown (dashed line, following

including C-dated terrestrial macrofossil ages and sediment organic carbon (SOC) concentrations. See also supplementary

figures 9(e) and (f) transects) as well as distribution of ebullition bubbles (circles). In (i), a 20 m long lake sediment core is shown,

figure 6.

sediments, which are thicker in the lake center than
along margins (Farquharson et al 2016). Conversely,
non-hotspot ebullition seeps, formed closer to the

sediment surface, get older with distance from the
expanding thermokarst margins due to an increas-
ing contribution of *C-depleted soil organic carbon
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Figure 11. Time series (1949—-2009) showing thermokarst-lake development in a subsection of Goldstream Valley, interior Alaska,
based on historical aerial photographs (1949, 1967, 1985) and 2.5 m SPOT (2009; basemap) shoreline analysis. Panels (b—e) show
trends in lake area observed in our entire 214 km? study extent in 1949, 1967, 1985, 2009 (black dots) amidst a complex climate
regime: mean summer (June, July, and August) temperature (panel b) and precipitation (panel ¢), autumn (September—October)
air temperature (panel d), and winter (November—April) snow depth (panel e). Supplementary table 1 summarizes climate data

statistics.

that is reworked from expanding lake margins and
deposited as laminated lake sediments in lake centers
(Walter Anthony et al 2014, Farquharson et al 2016).

5.3. Century-scale limit to yedoma-lake hotspot
ebullition emissions

Based on higher bubbling rates, higher CH4:N, ratios
and older 'C ages in hotspot ebullition bubbles
compared to other ebullition, hotspot-type seeps are
thought to originate from the deepest, organic-rich
talik horizons beneath thermokarst lakes (Walter et al
2006, 2008, Walter Anthony and Anthony 2013). If
this is true, then locations of hotspots across lake
ice surfaces should indicate the spatial boundary of

organic-rich permafrost thaw beneath lakes. Con-
versely, the absence of hotspots seeps in yedoma
lakes would indicate complete vertical degradation of
yedoma permafrost.

We do not attribute the paucity of CH4 hot-
spot seeps in the oldest areas of thermokarst lakes to
microbial anaerobic oxidation of methane (AOM),
which occurs in thermokarst lakes (Martinez-Cruz
et al 2017, 2018), but which appears not to signific-
antly impact CH, in ebullition hotspots (Winkel et
al 2019). Rather, in cases where vertical thaw exceeds
the thickness of the organic-rich yedoma soils, it is
the lack of substrate for methanogenesis that explains
the paucity of hotspot seeps in lake centers. Since we
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Figure 12. Relationship between thermokarst lake age and whole-lake ebullition (Ebullition = —40.6 In (Age) 4 369.5,

R,qj* = 0.85; Linear regression 31 # 0, p < 0.001). Turquoise symbols are new lakes; open symbols are existing lakes. Basal ages of
yedoma thermokarst lakes in north Siberia (triangles) and Alaska [northern Seward Peninsula (squares) and interior Alaska
(circles)] are from Walter Anthony et al (2014, 2018), except three basal ages, which were determined by lake sediment coring in
Goldstream Valley lakes in this study (diamonds, supplementary information). Ebullition values are from Walter Anthony and
Anthony (2013), Walter Anthony et al (2012, 2018), and this study.

observed ebullition hotspots strongly associated with
abrupt-thaw areas of lakes, including actively expand-
ing lake margins and newly formed lakes (figure 6,
supplementary figures 3 and 4), but fewer hotspots
in older, stable lake areas where yedoma permafrost
was presumably degraded long ago and its labile car-
bon fraction microbially exhausted, we propose that
hotspot seep occurrence can be used as an indicator
of thawing labile, permafrost carbon within taliks.
Based on this conceptual framework, we used the
distribution of mapped hotspot seeps relative to the
1949 shoreline (figure 8), combined with our obser-
vations of thermokarst expansion rates, as a proxy
for the temporal limit of labile organic carbon avail-
ability after thaw (supplementary information 1.7).
Since ~80% of hotspots occurred in areas where land
changed to lake since 1949, we conclude that (a) hot-
spot CHy release from lakes occurs largely within dec-
ades (60 years) of permafrost thaw, and (b) hotspot
seep emissions cease altogether within 130 years fol-
lowing the transition of land to thermokarst lake.

Our observations of a large hotspot pulse of CHy
emissions occurring within decades of land trans-
ition to thermokarst lakes is consistent with numer-
ical modeling of permafrost carbon mineralization
in northern Seward Peninsula yedoma thermokarst-
lake taliks, whereby 75% of the labile organic carbon
fraction is mineralized within the first century fol-
lowing thaw (Kessler et al 2012). It is also consistent
with laboratory incubations of yedoma taberal sed-
iments, which showed enhanced methanogenesis at
the base of the downward expanding talik lasting up
to 40 years (Heslop et al 2015, 2020).

Additional *C-depleted CH, emissions observed
in other, smaller, non-hotspot ebullition seep types
within and beyond the spatial limits of hotspots

17

in lakes (e.g. figures 10(a) and (c)) indicate that
permafrost-soil derived CH,4 emissions persist bey-
ond the decadal scale following thaw. It is likely, how-
ever, that the source of the '*C-depleted substrate to
these non-hotspot ebullition seeps is not limited to in
situ thaw beneath lakes, but is derived also from per-
mafrost thaw and erosion along shorelines and within
the watershed. Pleistocene-aged, organic-rich silt is
a major component of the laminated, surface-lake
sediment facies and is interbedded with terrestrial
and aquatic carbon accumulations (Walter Anthony
et al 2014, Farquharson et al 2016). It is in these
organic-rich, yet *C-depleted surface lake sediments
that shoreline- and watershed-derived permafrost soil
carbon is mineralized to CH, (Heslop et al 2015).
Thus, '*C-depleted CH, ebullition from non-hotspot
seeps in stabilized lake areas implies the contribution
of shoreline and watershed permafrost soils depos-
ition in lakes to the persistence of '*C-depleted CH,
emissions well beyond the decadal time scale of hot-
spot emissions following lake formation.

5.4. Landscape variability and relevance to future
climate-change feedbacks

Up to one million square kilometers of new, abrupt-
thaw thermokarst lake areas are expected to form in
the Arctic this century in response to RCP4.5 and
RCP8.5 warming (Schneider von Deimling et al 2015,
Walter Anthony et al 2018, Turetsky et al 2020).
Our work provides input for yedoma-region model-
ing. We expect the lower level emissions from older,
thermokarst-lake areas to persist as a background
emissions floor while the newly formed thermokarst-
lake areas and their higher CH4 emissions will rep-
resent the ‘new CH,’ signal and add to the emissions
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from the older lakes over a 60+ year time scale. Non-
yedoma lakes have lower ebullition.

Regional differences in climate, hydrologic, and
ground-ice controls on talik development rates
should impact the duration of hotspot emissions
following permafrost thaw beneath lakes. Higher
spatial resolution data on ground-ice distributions
in future work would particularly benefit our under-
standing of thermokarst and CHy response. We also
acknowledge that regional differences in surficial geo-
logy imply variability in the duration of the hotspot
CH,4 pulse. For instance, in ice-rich, thermokarst-
susceptible portions of the vast non-yedoma per-
mafrost region (Olefeldt et al 2016), organic-rich
permafrost soils are thinner than yedoma deposits
(Hugelius et al 2014, Strauss et al 2016). This implies
faster thaw and release of permafrost carbon. Con-
sideration of surface geology is also important for
understanding the role of thermokarst lakes in IPCC
scenarios and partitioning '*C-depleted sources of
atmospheric CH, between natural versus anthro-
pogenic sources (Dyonisius et al 2020, Hmiel et al
2020), since non-yedoma permafrost soil carbon and
thermokarst-lake CH, ages are younger than those in
yedoma soils (Walter Anthony et al 2016, Elder et al
2018, Matveev et al 2018). Differences in surficial geo-
logy could also give rise to differences in bubble gas
composition, preferential modes of CHy release (dif-
fusion/ebullition), and wintertime sources of water
column dissolved gases (sediments vs ebullition) that
are released in spring (Greene et al 2014, Matveev
etal 2018, 2019, Elder et al 2018, 2020).

Landscape drainage capacity (i.e. how long a ther-
mokarst lakes lasts before it drains) is a factor that is
not well accounted for in models. The magnitude of
future abrupt-thaw thermokarst CH, emissions may
be moderated if landscape topography and hydro-
logy cannot sustain a large increase in lake abund-
ance (van Huissteden et al 2011). However, other pro-
cesses affecting lakes will exacerbate the permafrost
carbon feedback. For instance, longer ice-free sea-
sons (Surdu et al 2014) will lead to a higher pro-
portion of sediment-produced bubbles being directly
released to the atmosphere without impediment by
the seasonal lake ice sheet (Greene et al 2014). This
reduces dissolution and oxidation of bubble CH,
in the lake water column. Warmer winter temper-
atures and thicker snow depths, observed in many
regions, result in thinner lake ice and thus con-
tribute to new talik growth in previously shallow
bedfast-ice lakes (Arp ef al 2016). The same snow—
pond ice—permafrost feedback may further enhance
new lake formation. Nutrient enhancement of eco-
system productivity under warmer climate scenarios
could also increase the supply of contemporary sub-
strates to methanogenesis, increasing future lake CH,4
emissions (Wik et al 2016), particularly by ebulli-
tion (Delsontro et al 2016). Climate warming lead-
ing to warmer sediment temperatures can increase
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total annual emissions by enhancing microbial respir-
ation and making mineralization of recalcitrant sedi-
ment organic carbon pools more energetically favor-
able (Heslop et al 2019). Finally, extreme weather
events leading to ice-wedge degradation (Jorgenson
et al 2006, Liljedahl et al 2016) likely enhance lateral
lake expansion and should be taken into account, with
higher temporal resolution remote sensing imagery,
to investigate sub-decadal rates of lake change and
answer the question, ‘How abrupt really is abrupt
thaw?’

6. Conclusions

We have shown that thermokarst lake area growth
accelerated during 1949-2009 in a 214 km? study
region in interior Alaska and that newly formed lake
areas emit more CH, than older thermokarst lake
areas. The mobilization and emission of the perma-
frost soil labile carbon fraction via hotspot ebullition
occurred over decadal time scales following perma-
frost thaw beneath newly formed thermokarst lakes.
Radiocarbon ages of CH, in ebullition bubbles var-
ied by lake type and was typically older in the ther-
mokarst expansion zones of older, pre-existing lakes
than in new thermokarst lakes that formed after 1949.
This age difference is attributed to the depth of thaw.
As taliks deepen beneath newly formed lakes, the 1*C
age of hotspot seeps will increase until the talik has
thawed completely through the organic-carbon-rich
permafrost soil horizon and the labile carbon fraction
of that horizon gets depleted by microbial decom-
position. Our finding of >2-fold higher emissions in
new abrupt-thaw lake areas compared to older lake
areas implies that newly-formed thermokarst lakes
will become increasingly relevant on decadal time
scales to permafrost carbon feedback models as well
as atmospheric CH, modeling efforts as abrupt-thaw
lake areas increase and open-water summer season
emissions lengthen in a warmer Arctic.

Data Availability

The data that support the findings of this study are
available upon reasonable request from the authors.
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