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Past permafrost dynamics can inform future
permafrost carbon-climate feedbacks
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Climate warming threatens to destabilize vast northern permafrost areas, potentially
releasing large quantities of organic carbon that could further disrupt the climate. Here we
synthesize paleorecords of past permafrost-carbon dynamics to contextualize future per-
mafrost stability and carbon feedbacks. We identify key landscape differences between the
last deglaciation and today that influence the response of permafrost to atmospheric
warming, as well as landscape-level differences that limit subsequent carbon uptake. We
show that the current magnitude of thaw has not yet exceeded that of previous deglaciations,
but that permafrost carbon release has the potential to exert a strong feedback on future
Arctic climate as temperatures exceed those of the Pleistocene. Better constraints on the
extent of subsea permafrost and its carbon pool, and on carbon dynamics from a range of
permafrost thaw processes, including blowout craters and megaslumps, are needed to help
quantify the future permafrost-carbon-climate feedbacks.

highlighting the potential impacts of the release of carbon and pathogens like anthrax. A

major concern is the potential role that permafrost thaw will play in causing feedbacks to
climate change, given the sheer size of the permafrost region soil carbon pool (1330-1580 Pg C,
excluding subsea permafrost)!2, which is 55-68% greater than the 2020 atmospheric C pool
(>860 Pg C)3. The large uncertainty of how much carbon might be mobilized by thaw in a
warming climate has led to dramatic descriptions of permafrost carbon vulnerability as “A
sleeping giant™, “Pandora’s freezer”™, or a potential “Carbon bomb”®7 that could rapidly
destabilize the climate system. Because of this potential, some studies introduced permafrost as a
probable tipping element in the Earth System®-10. Contrastingly, some view permafrost as a
rather stable or only slowly reacting component in the climate system on millennial times scales,
suggesting that even with release of substantial carbon, the slow timescale of release would be
compensated by other components of the Earth system (vegetation, peat, ocean), resulting in
minimal feedback to climate. This has led to the conclusion that permafrost carbon could
therefore not be an important factor in abrupt carbon cycle shifts when compared to human-
driven, oceanic, or terrestrial tropical components!!-13, With atmospheric CO, concentrations
now reaching nearly 420 ppm, values not observed in the last 3 million years, and expected to
reach concentrations not observed in 30 million years by 2300 under high emissions scenarios!4,
there is now even more urgency to understand the consequences and associated feedbacks to
climate!® from the warming and thaw of this large permafrost carbon pool>!>. Furthermore,
permafrost carbon dynamics are not yet included in most IPCC Earth system models'®, and this
omission suggests that even with the strictest emission reductions, climate targets could be
overshot!”18, Recent field, remote sensing, and modeling studies point at increasingly rapid

I n recent years, permafrost thaw has captivated the attention of scientists and the public, alike,
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degradation of permafrost on decadal scales!®~?7, but under-
standing how this recent permafrost destabilization compares to
past periods of rapid climate change, such as during the last
deglaciation, and the impacts to global climate, remain limited.

While glacial cooling happened gradually over millennia,
deglaciation was punctuated by rapid, or even abrupt, warming,
when a series of positive feedbacks in response to gradual changes
in solar insolation, tipped earth system components into a new
state, often causing substantial climate shifts in a matter of
decades?8. Here we evaluate whether permafrost dynamics asso-
ciated with previous abrupt warming events can serve as potential
analogs to future permafrost stability and impacts on carbon
cycling in a rapidly warming climate. As each glaciation and
associated climate shifts have in turn, bulldozed, buried, and
eroded away much evidence of our climate history on land, we
focus on terrestrial permafrost processes that influence climate
since our most recent glaciation, for which the most evidence
remains. We highlight key differences between previous inter-
glacials and past periods of rapid climate change from those of
today and highlight key areas where future research could fill in
knowledge gaps.

Permafrost history and paleo-extent

Permafrost, ground that remains below 0°C for at least two con-
secutive years, forms under cold climate conditions. Permafrost
temperatures vary considerably, with colder climates resulting in
colder, more extensive, and thicker permafrost. Permafrost typically
exists in regions where mean annual air temperatures remain below
0°C, but permafrost in some regions and at greater depth can exist
where mean annual air temperatures are greater than 0 °C. In such
instances, permafrost is a relic of a former colder climate that is now
protected by peat, overburden, or vegetation??-3! and is out of
equilibrium with modern climate, making it vulnerable to perma-
frost thaw32. While recent increases in permafrost temperatures
have been documented across the permafrost zone?!33 in associa-
tion with atmospheric warming, past permafrost aggradation is
linked to prolonged climatic cooling®43>.

The most recent period of widespread permafrost presence in
the Arctic likely began after the mid to late Pliocene (3.5-3 Ma) in
unglaciated Siberia’0-3%, following a brief (~200,000 year) period
of extreme warming centered around 3 Ma known as the mid-
Pliocene warm period®?. The climate cooling that followed
coincided with a decline in atmospheric CO, concentrations from
up to 450 ppm in the early Pliocene (4.5Ma) to 380 ppm by
2.5Ma%0. This cooling led to permafrost aggradation, as evi-
denced by ice wedge pseudomorphs in northern Yakutia3”-38,
Canada (~3 Ma)*! and Alaska (~2 Ma)*2%3, from Pliocene stra-
tigraphic records, and indirectly from pollen at Lake El'gygytgyn
in Siberia*4. Permafrost became most expansive within the last
million years, with the last culmination between marine isotope
stage (MIS) 4 (71-60ka) to MIS 2-3 (60-18 ka**~4%) when
atmospheric CO, levels fell to 220-180 ppm (Figs. 1, 2).

During the Last Glacial Maximum (LGM; 21 ka), permafrost
expanded far south of its modern extent* (Fig. 1). Field- and
model-based reconstructions of the last permafrost maximum
suggest a total continuous permafrost-affected region of
26.6-34.5 Mkm? in the northern hemisphere alone”*8 more
than twice as large as the 13.9-18.1 M km? directly affected by
permafrost today, though the lower modern range is likely
underestimating permafrost areas persisting outside of equili-
brium with modern climate?’->0. The biggest losses occurred in
Eurasia, which were not compensated by gains made by the
recession of the Laurentide Ice Sheet, where sub-ice sheet per-
mafrost likely only persisted under “cold-based” regions of the ice
sheet®l. The contraction of the northern permafrost-affected

landscape by 33-42% (10.8-19.4 M km?) since the LGM*74? is
bound to have had important biogeochemical and climate
implications®!, but the retreat of this extralimital permafrost
remains understudied (Fig. 1).

Previous glacial intervals coincided with lower sea levels,
exposing continental shelves on which sub-aerial permafrost
aggraded in the northern high latitudes. Today, some of this
permafrost remains submerged as subsea permafrost and occu-
pies 2-3 M km?, primarily in Beringia but also other circumpolar
continental shelves®?°3. At the LGM, in the land that now
comprises subsea shelves, permafrost was 20-45% more extensive
than subsea permafrost is today (2.5-4.4 M km?2)°0:52.53 Post-
glacial sea-level rise was substantial (global average:
~15 mm yr—1)°* where isostatic rebound was minimal, resulting
in direct flooding of low-gradient, exposed Arctic shelves, some of
which were up to 800km wide in Northeast Siberia and the
Bering Sea region®>~>’. Land subsidence resulting from isostatic
forebulge collapse likely resulted in rapid inundation of the spa-
tially less expansive Beaufort Sea shelf, whereas uplift of marine
sediments in places like Hudson Bay resulted in later permafrost
aggradation in the mid to late-Holocene and now contains
extensive permafrost peatlands that mostly aggraded in the last
1000 years34°8. Subsea permafrost has been gradually thawing
since the LGM, but this shelf transgression resulted in partial
preservation or even local reformation of permafrost due to cold
bottom waters with mean annual temperatures as low as —2°C
on Arctic shelf floors®®, though shelf bottom water paleo-
temperatures are not well constrained due to low sedimentation
rates. Subsea permafrost is likely most extensive in the nearshore
zone®0-62. Mapping from the Beaufort Sea shelf suggests ice-
bearing permafrost extends to the 20m isobath, which was
inundated within the last 5000 years®3, suggesting that anything
deeper would have thawed in the early Holocene if permafrost
was present. Multiple studies from the broad Laptev Sea shelf
indicate a still widespread presence of ice-bearing subsea per-
mafrost in various stages of preservation®2%4 and geophysical
field surveys and numerical modeling of thermal dynamics and
salt migration suggest that Holocene thermokarst processes
before submergence were priming subsea permafrost in the near-
coastal zone towards more rapid degradation following
inundation®46°,

While permafrost extent contracted on a hemispheric scale
during previous interglacial periods, some permafrost persisted
throughout these previous warm interglacial intervals, which in
part comprises the modern terrestrial permafrost landscape®®-77
(Fig. 1; Supplementary Data 1). Documented extant (present-day)
permafrost dating to the warmer-than-present Eemian
(130-115 ka; MIS 5€)67-68,70, exceptionally warm and wet MIS 11
(424-374 ka®7:68.75) and as far back as ~650-750 ka%®7! or even
longer3%77 was found in unglaciated portions of Alaska, Siberia,
and Canada (Fig. 1). Notably, these interglacials were warmer
than the pre-industrial Holocene”8-80 and encompass a period of
substantial collapse of the Greenland and West Antarctic ice
sheets ~400 ka”%-80,

In contrast to northern hemisphere ice sheets, most of which
melted away during warm interglacials when ice was in direct
contact with the warmer atmosphere, permafrost may have
become increasingly protected from warming and thaw at the
surface by thickening layers of thawed sediment, peat, and
vegetation?®. Permafrost persistence through these warm inter-
glacials, at least locally, is in part driven by the thermal inertia,
latent heat release, and time required to thaw a large mass of
frozen, often ice-rich, sediments. The preservation of paleo-active
layers in sediments indicates past periods of warming without
complete thaw, with cooler subsequent climate conditions
refreezing sediments upwards8!, which could then also lead to the
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Fig. 1 Map of modern and last permafrost maximum permafrost region with locations of old extant permafrost. Modern permafrost!>3, Last Glacial
Maximum'>4 and MIS12 (477-429 ka) ice sheets, which were among the most extensive of the Pleistocene, are also shown!®>. Locations of ancient
permafrost shown in the shaded circles, with colors corresponding to age class of permafrost, falling largely outside of formerly glaciated regions. Numbers
refer to the sites in Supplementary Data 1. Map created using ETOPOT1 arc-minute global relief model of Earth's surface!4’.

development of secondary or tertiary ice wedges®2. In addition,
the burial of permafrost and other ice by soils and sedimentary
overburden helps protect permafrost from top-down thaw on
glacial-interglacial time scales. This overburden has also resulted
in the survival of glacial ice remnants of the Laurentide ice sheet
in Northern Canada®384, the Eurasian ice sheet in Western
Siberia3%8>, and over multiple glacial-interglacial cycles in the
New Siberian Islands®°, until today.

In addition to permafrost aggradation during colder glacial
intervals, permafrost aggradation within the current interglacial (the
Holocene) was driven by orbital changes that drove a decrease in
sunlight reaching northern high latitudes in summer. This led to
renewed aggradation of permafrost, including on formerly glaciated
land. Enhanced permafrost aggradation after ~3000 years ago until
as recently as 150 years ago has been documented from northern
peatlands®%. This relatively young, near-surface permafrost from
deglaciated regions is likely much more vulnerable to thaw with
sustained warming, given the relative warmth of the permafrost and
its proximity to the surface8”, though to some degree it is protected
by the insulative properties of peat?’.

Glacial-interglacial permafrost carbon dynamics

Permafrost aggradation and carbon sequestration. Permafrost
soils and deposits are one of the world’s largest terrestrial reservoirs
of organic carbon. Permafrost sequesters atmospheric carbon by
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halting decomposition of plant and animal remains in the frozen
ground, thereby enhancing climate cooling by sequestering atmo-
spheric CO, through the accumulation of frozen organic
material38-90. Thus, the expansion of permafrost area during cold
glacial periods increased permafrost OC stocks on land and may
have enhanced and sustained glacial climatic cooling. Permafrost
carbon accumulated in unglaciated portions of the Arctic during
previous Pleistocene glacials, often in extensive permafrost deposits
tens of meters thick, such as frozen loess-like Yedoma
deposits#243:8889 and loess deposits in Siberia and Europe outside
of the modern permafrost*¢ (Fig. 3; Supplementary Data 2). Per-
mafrost formation during and prior to the LGM also preserved
some peat deposits from the previous interglacial, although the size
of this C stock is unknown. During the Holocene, additional carbon
was incorporated into permafrost as permafrost formed on formerly
glaciated landscapes®%. In total, it is estimated that present-day
near-surface (upper ~3 m) permafrost beneath exposed land sur-
faces contains nearly ~1015-1035PgC of Holocene and late-
Pleistocene age!2, with an additional 624-869 Pg C in depths
>3 m°! up to a million years old”” (Fig. 3; Supplementary Data 1, 2),
representing a major present-day reservoir of carbon.

Permafrost thaw and carbon remobilization. Permafrost thaw
occurs when ground temperatures exceed the freezing point,
leading to remobilization of formerly frozen soil carbon.
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Fig. 2 Permafrost evolution over the last 3 million years. A Data shown are the Siberian®’ and Canadian®® speleothem records of thaw from the
continuous (dark pink and blue, respectively), discontinuous (medium purple and blue, respectively), and sporadic (light pink and blue, respectively), with
gray bars indicating likely aggradation of northern permafrost ~1.3 Ma. Blue triangles indicate the timing of ice wedge casts from Alaska and Canada that
suggest previous permafrost presence, and black arrows indicate the oldest extant permafrost from Batagay megaslump, Siberia (~650 ka)’> and Canada
(~750ka)”!. B Antarctic ice core carbon dioxide and methane measurements'>6157 € LRO4 deep-sea oxygen isotope stack!>8.

Permafrost soils can thaw gradually through active layer thick-
ening, or in the case of ice-rich permafrost, they can thaw several
meters at once (abrupt thaw; years to decades), forming ther-
mokarst lakes, collapse-scar wetlands, and causing hillslope
erosion”!. Permafrost carbon can also be remobilized as dissolved
and particulate forms of OC to downstream watersheds, coastal
zones, and ocean sediments. Evidence of paleo-permafrost thaw is
recorded in proxies such as basal dating of thermokarst lake
formation®293, abrupt transitions in peat cores?*%>, and bio-
markers of terrestrial carbon in coastal ocean cores?*-100. Evi-
dence for extensive LGM permafrost thaw exists for the last
glacial termination (~18-10ka), when abrupt warming led to
massive OC remobilization from the terrestrial landscape to the
ocean and atmosphere?>?6-100, Rapid warming during the
Bolling-Allerod (14.7-12.8ka) and Younger Dryas-Preboreal
transition (11.7-~10 ka) shows evidence of some of the highest
rates of thermokarst and thaw lake development in yedoma
regions of Alaska and Siberia of the entire interglacial, including
today”293 (Fig. 4), consistent with other field evidence for ele-
vated remobilization of permafrost carbon into lakes!®! and
through fluvial systems!%? into marine sediments?0-100, Degla-
ciation of massive ice sheets uncovered ~120-157 Pg C>1103 that
was buried under cold portions of the ice sheets”!.

Carbon stored in thawed ice-rich landforms and former and new
permafrost landscapes. Warming during the last deglaciation also
triggered organic carbon sequestration in northern regions in the
form of vegetation, cryoturbated soils, lake sediments, and
peat!9%105 Deglacial thermokarst lake formation across vast
regions of Alaska and Siberia recovered carbon lost to the
atmosphere from permafrost thaw through lake sediment and
peat accumulation in drained lake basins!9%105. By 5000 years
ago, pan-Arctic thermokarst lakes transitioned from carbon
sources to carbon sinks, ultimately increasing the carbon pool in
the region by over 50 percent compared to previous estimates!04,

Vast newly deglaciated or uplifted landscapes across northern
Canada and northern Europe also aggraded permafrost in the
Holocene, and permafrost aggradation in peatlands in the late
Holocene* increased the’inert’ carbon pool to 185 + 66 Pg C by
present day’l, not including 410 Pg C in global buried peat
deposits!%, The contribution of thermokarst lakes to the removal
of carbon from the atmosphere contributed to atmospheric
cooling of 0.06 Wm™2 by the pre-industrial!®. Today,
thermokarst-impacted landscapes store proportionally larger
pools of permafrost carbon than other non-thermokarst
landscapes!97. Some estimates suggest that the total carbon pool
of the permafrost region has increased since the LGM>l:104,
though estimates of by how much remain highly uncertain. While
the “inert” permafrost carbon pool is ~37% less than during the
LGM?L, this is partially offset by net carbon gains in permafrost
and former permafrost landscapes®!:104107 and can be attributed
in part to aggradation of carbon-rich permafrost in deglaciated
landscapes and in now permafrost-free landscapes®!. The net
carbon balance of the permafrost region over glacial and inter-
glacial time scales remains an open question.

Assessing past evidence for permafrost destabilization and

rapid carbon release

Abrupt climate transitions, such as at the end of the Younger
Dryas (11.7 ka) (Fig. 4), coincide with rapid increases in green-
house gas concentrations. Ice core records show a doubling of
CH, concentrations at the end of the YD in a matter of decades to
centuries coupled with a with warming of ~2 °C108, but the extent
to which permafrost carbon rapidly thawed, mineralized, and
contributed to the rise in atmospheric methane concentrations
(AMC)!1-13,109.110 " and  atmospheric CO,7-11L112  remains
debated. Because carbon is lost from permafrost at a rate faster
than post-thaw uptake, release from thawing permafrost as CO,
and CH, should be recorded in the paleo record of the
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Fig. 3 Carbon stocks (Pg C) for the LGM and present-day and stocks and
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primarily from ref. >, with additional values for Yedoma from ref. 4> and
subglacial from ref. 103, and subsea from®3. Extralimital are from refs. 5189,

atmosphere, providing potential insights into the future perma-
frost carbon climate feedback. Air bubbles in ice cores are trapped
archives of paleo-atmospheres that record changes in con-
centrations and isotopic composition of greenhouse gases with
time. Here, we explore evidence suggesting extensive permafrost
thaw during previous deglaciations led to mineralization of large
quantities of permafrost OC, which over subsequent millennia,
was recovered into permafrost deposits.

The frequency of thermokarst lake initiation and bottom-up
calculations of their methane emissions contributed to a peak of
16.8 Tgyr—1194 over centennial and millennial timescales of the
last deglaciation (Fig. 4). Peak lake formation, however, is offset
from the decadal-scale doubling of AMC by ~1000 years and the
landscape-scale formation of lakes was more gradual than the
AMC rise?>110, suggesting other processes contributed to
northern hemisphere sources of rapid AMC rise (globally, much
of the AMC rise originated in the tropics!!>!14). The bottom-up
emissions estimates from thermokarst lakes are roughly con-
sistent with top-down isotope constraints from ice cores
(<15.4-19 Tg CH,yr—1)11-13 on permafrost OC sources. The
agreement in these estimates suggests that the bottom-up con-
tributions from thermokarst lakes comprise nearly all the per-
mafrost carbon emissions allowed by the constraints of the top-

down models!3, which assume an upper limit based on the 14C
constraint of “old” carbon (14C-depleted) from permafrost! 113,

Two sources of uncertainty are the misconception about the
age of permafrost OC upon thaw and the lack of understanding of
the role of extralimital permafrost. The mixing between older,
newly thawed permafrost OC sediments and recently fixed OC in
thermokarst lakes and wetlands can produce a younger CO, and
CH, emissions signal!1>116, confounding modeling assumptions
about permafrost OC age, which could increase the upper limit
on permafrost thaw contributions to deglacial AMC!!0. Fur-
thermore, permafrost existed on broad continental shelves
(3.5Mkm?2)>? and in regions within the last permafrost max-
imum to the south of modern permafrost extent during the LGM;
this covered an additional ~12-20 M km?>° and likely included
relatively younger permafrost. Other likely sources of CH4 from
thawing permafrost during deglaciation include subglacial
permafrost!?3 and, likely to a lesser extent, thaw in peatlands.
However, key information on factors like pre-thaw carbon stocks,
ice content, and the timing and rates of permafrost thaw from
these extralimital regions remain unknown. Emissions from this
large region could push the pulse of permafrost thaw derived CH,
and CO, contributions earlier. We conclude that the emissions
contributions of newly thawed permafrost carbon in deglacial
atmospheric CH, records remains an open question that requires
further exploration. Regardless, numerous lines of evidence,
including isotopic constraints, suggest catastrophic CH4 hydrate
release, beneath >200m deep permafrost or under significant
pressure from overlying ocean, to the atmosphere did not occur
during past Pleistocene warming events and is thought to be
unlikely to occur in the near future!1-13:110,111,113,114,

The contribution of permafrost carbon to the rise of atmo-
spheric CO, concentrations during deglaciation remains less
constrained than CH,, despite carbon release from permafrost
thaw being predominantly in the form of CO,!'!7. Nevertheless,
changes in both stable and radioactive isotopes of CO,, particu-
larly during a period in early deglacial (17.5-14.5 ka) known as
the “Mystery Interval”, when A!C concentrations changed sig-
nificantly and §'3C-CO, decreased by 0.4%0!'!® that was a
accompanied by a rise in CO, by 35 ppm, have been attributed in
part to the release of old carbon from thawing
permafrost®”>11L112 (Fig. 4), particularly for centennial-scale
shifts that cannot be easily explained by ocean
processes®”11L112 that overwhelmingly influence changes in pre-
industrial atmospheric CO, concentrations!!®. Limited evidence
from terrestrial biomarkers in ocean cores suggests that deglacial
permafrost thaw, through sea-level rise and flooding of Arctic
shelves, could have released 85 Pg C, which in part could explain
the changes in atmospheric CO,~14.5 ka (12+1 ppm) and
11.5ka%’ (Fig. 4).

Looking further back in time, little evidence exists in the ice
core record for enhanced permafrost carbon-climate feedbacks
with greater warming during previous warm and wet ‘super-
interglacials’. Examination of CO, and CH, concentrations from
past warmer-than-pre-industrial interglacials, such as MIS 5e and
MIS 11 (Fig. 2), does not show concentrations above Holocene
levels, suggesting that permafrost thaw contributions of CO, and
CH, concentrations did not exceed those of the current inter-
glacial. However, it is also possible that past carbon release
happened gradually enough to be buffered by the ocean®® and by
the terrestrial biosphere, such as through the atmospheric C
uptake by the formation of peatlands and soils on newly ungla-
ciated landscapes*. Permafrost carbon stocks for previous
interglacials remain unconstrained, and the quality and temporal
resolution of the greenhouse gas concentrations from ice cores are
not sufficient to resolve decadal-scale variations as during the last
deglaciation.
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Fig. 4 Deglacial atmospheric composition of the atmosphere and proxies for permafrost thaw. A Radiocarbon content of the atmosphere with standard
deviations'%; B Atmospheric CO, concentrations'®® € EDC96 8'3C-CO, with standard deviations'®'; D Atmospheric CH, concentrations'¢0; E Pag, a proxy for
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Landscape considerations with permafrost susceptibility to
thaw

Using the past to inform the future can be useful, but key dif-
ferences in starting conditions prior to abrupt warming events in
the past will likely elicit a different response to future warming.
On the one hand, we argue that landscape differences in geo-
morphology, ground ice content, sea level, and glacial extent
make permafrost less susceptible to thaw today than during the
last deglaciation, implying a higher threshold response is neces-
sary to achieve the same degree of widespread and rapid per-
mafrost thaw. On the other hand, the modern landscape may be
less primed for carbon recovery than the newly deglaciated
landscapes of glacial terminations. In the past, ice-rich landscapes
showed high direct sensitivity to atmospheric warming!20-121,
likely similar to the rapid thaw of cold, ice-rich permafrost with
little protection by insulating layers in the high Arctic tundra
today?32>122.123 However, these ice-rich, poorly vegetated
landscapes are likely less spatially extensive today than at the last
deglaciation!%l. In the modern permafrost environment, lower
near-surface ground ice content due to the presence of deeper
paleo-active layers from the Holocene Thermal Maximum!%4,

greater insulative effects of peat and vegetation?%101, and a geo-
morphologically more matured landscape (e.g., thaw of most
near-surface ice-rich Yedoma since the LGM)101:125 contribute to
the slower responsiveness to warming of today’s permafrost. In
addition, the hydrological network in permafrost landscapes has
evolved over the Holocene, limiting thermokarst lake initiation
and growth to less extensive geomorphologically suitable areas
than during the deglacial period!9:12>. Together, these factors
may explain why observed rates of new thermokarst lake devel-
opment and carbon remobilization are lower today than in the
past!0L102 sugoesting present-day warming has not yet caused
the widespread level of permafrost thaw experienced during early
deglaciation, despite amplified Arctic warmth.

Differences in climate sensitivity of permafrost carbon. The
higher sensitivity of permafrost carbon remobilization during the
last deglaciation compared to today is evident when calculating
the carbon flux per °C, which shows much higher sensitivity
during deglaciation than modern permafrost carbon losses and
some scenarios into the future®!126 (Supplementary Data 3).
Measurements of permafrost carbon flux, particularly those with
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well constrained timing, are lacking for the deglacial, with the
exception of thermokarst lakes!04110, Methane fluxes from
modern thermokarst lakes are less than half than fluxes calculated
from early Holocene thermokarst lakes?>104, The CH, feedback
of thermokarst lakes during parts of the deglacial were as high as
10.5 Pg C per °C, which is an order of magnitude higher than that
of today (0.15-0.19 Pg C per °C) and double the projected
feedback from all abrupt thaw (including thermokarst lake, hill-
slope erosion, peatland thaw) under RCP 4.5 by 2300°! (Sup-
plementary Data 3). While the contribution from peatland thaw
would have been markedly less during deglaciation, hillslope
erosion would have likely been as high or higher than today!2!.
Similarly, contribution from deglacial inundation of shelf regions
yielded a release of 9.4 Pg C per °C, assuming release of the
published 85 Pg C occurred between 16-8 ka®’ (Supplementary
Data 3), but the timescale of these fluxes is not well constrained,
making this value highly uncertain. Nevertheless, these findings
indicate that sensitivity of carbon release from permafrost
thaw was greater during past abrupt warming events, which may
point to the influence of landscape history as a potential
mechanism to explain these differences but could suggest lim-
itations to the linear framework used to explain warming from
these processes.

Landscape-level post-thaw carbon uptake differences. Key differ-
ences in landscape properties between the end of the last ice age
and today may limit future uptake of carbon at the same scale. At
the circumarctic scale, the deglacial retreat of ice sheets gave way
to the expansion of carbon-rich ecosystems, including peatlands
and glacial lakes (Fig. 4). The carbon stocks in northern pea-
tlands increased by 330 Pg during this interglacial period,
as peatlands expanded across the newly deglaciated landscape,
and peat accumulated in drained thermokarst lake basins and
other water bodies!01:104105 (Figs. 3, 5). Warming and wetting
climate also allowed for peat initiation on unglaciated landscapes
in the Arctic!21.127:128 The expansive newly deglaciated land area
allowed for the proliferation of these carbon-rich ecosystems and
climatic cooling increased permafrost aggradation in peatlands in
the late Holocene34, increasing the carbon pool in the northern
permafrost region by 400 Pg over multiple millennia, despite a
decrease of ~700 Pg of permafrost carbon over the same period>!.
However, apart from the centennial to millennial time scale
required for new peat accumulation, future carbon sequestration
by peat formation may be limited by the relatively small areas of
newly deglaciated land and the climate and land-use driven
potential loss of peatland carbon sinks at the southern margins of
their current extent!0612%. New glacial lake formation is limited
by the smaller spatial extent of modern ice sheet area and com-
paratively lower near-surface massive ground ice extent than the
deglacial period®>130. Although massive Holocene ice wedges
mostly are smaller than those of the Pleistocene!2>130.131 geg.
regated ice in organic-rich fine-grained deposits can still con-
tribute to ponding associated with thermokarst!32, The Arctic
landscape today may be less primed for carbon recovery through
establishment of carbon-rich ecosystems because of the difference
in spatial and geomorphic landscape configuration today and the
speed at which the climate is changing compared to the geologic
record. Unlike regional permafrost thaw between the end of the
LGM and the pre-industrial era, permafrost that thaws today is
unlikely to re-aggrade in most places due to today’s warming
climate. The fate of existing near-surface permafrost will depend
largely on emissions reduction targets that limit warming below
2°C, but temperature anomalies in parts of the Arctic have
already exceeded 5 °C!33 and may exceed 10 °C under RCP8.5 by
end of the 21st century!®, with additional vulnerability driven by
changing fire and precipitation regimes!3413>,

The rate and timescale of carbon sequestration compared to
loss in these permafrost landscapes is an important consideration
for the permafrost carbon-climate feedback. Contemporary
evidence from thermokarst lakes and thawing permafrost peat-
lands shows the release of an initial pulse of carbon to the
atmosphere as CO, and CH, in the decades immediately after
thaw, followed by slow accumulation of carbon in lake sediments
and peat through new biological productivity in thawed
landscapes®*9>105:107 While the carbon losses from thawing
permafrost occur on the order of decades, the recovery of this
ecosystem carbon pool can take centuries to millennia®%. This
carbon recovery could return these landscapes to net carbon sinks
with a negative radiative forcing that would cool the climate, but
the timescales are too long to be included in anthropogenic
climate mitigation strategies.

The sources of the greatest uncertainty in both the modern and
paleo record are subsea permafrost and the storage of CH, in and
under permafrost acting as a cap that can potentially be released
through gas emission craters, taliks, or faults. Recent measure-
ments on the Siberian shelf document CH, saturation and
ebullition from the East Siberian Arctic Shelf'30-13% and have
been found to be largely derived from thermogenic sources!37;
however, it remains unclear if the rate of modern observed fluxes
differs significantly from long-term Holocene average fluxes,
given the slow response of subsea permafrost that is buffered by
cold bottom waters to thaw. Questions remain about how the
permafrost-carbon feedback will play out as high-latitude
temperatures begin to exceed those of previous warm Pleistocene
interglacials or the most recent deglaciation, but data so far do
not support significant geologic emissions derived from arctic
shelves or subsea permafrost! 114, as warmer bottom waters will
facilitate enhanced thaw of relatively warm, isothermal subsea
permafrost!38,

The recent discovery of blow-out craters in Siberia also points
to a previously uncharacterized process in the paleorecord. These
craters are thought to form from a buildup in pressure of CH,
gases within the permafrost that ultimately erupt to the surface.
While their formation remains debated, they may be facilitated in
part by infiltration of water into cracks in the permafrost and
associated talik formation, further fueled by microbial and
thermogenic gasses emanating from faults and fractures in the
underlying bedrock that cause a build-up of gases that eventually
erupt through the surface!4%:141 Terrestrial CH, super-seeps
releasing 4C-depleted or fossil CH, have been documented in
NW Canada, Russia, and Alaskal4%:142143including the largest
known super seep emitting fossil coalbed CH, in a lake northwest
Alaska!43; however, their total present day emission in the Arctic
is not large (~2 Tg CH, yr—!) (148). Given isotopic constraints on
AMC in the ice core record!1~13, these fossil carbon sources were
likely relatively unimportant contributors to the rise in atmo-
spheric CH, in the paleorecord!!~13. However, release of deep,
thermogenic CH,4 cannot be ruled out as a contributor under
future climate change as surface permafrost warms and continues
to degrade. Determining the timing of super-seep formation and
its relationship to permafrost dynamics will also aid future
projections of permafrost climate feedbacks.

Mounting evidence exists that permafrost thaw is accelerating
above rates observed over millennia, as an unprecedented rate and
degree of warming, driven by an increase in greenhouse gas
concentrations not observed at any time during the Pleistocene Ice
Age of the last 2.6 M years, could soon push the northern
permafrost region into a period of intensified thaw that is
unprecedented over this period. Half to 140% of the 6°C global
warming that occurred over 8,000 years from 18 ka to 10 kal08144 i
now projected to occur in the Arctic within 80 years by 2100 under
the RCP 8.5 emission scenariol®. Locally, permafrost that has
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Fig. 5 Landscape comparison across multiple timescales, showing permafrost (PF) and thermokarst (TK) changes through deglaciation. a Late glacial
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survived for at least 400,000 years is beginning to thaw®”, and Arctic
amplification that will only increase with decreasing sea ice extent is
expected to enhance permafrost thaw’2145146 Recent extended
heat waves north of the Arctic circle, along with substantial fire
disturbance!34, globally rising permafrost temperatures?!, and
accelerating rates of thaw and erosion!4®, suggest that permafrost
extent is currently in a state of rapid change!®232464 and massive
as well as excess segregated ground ice makes permafrost
susceptible to rapid thaw even in deeper deposits'4’. Some local
areas are experiencing exceedingly high rates of lake formation and
expansion due to warming since the 1980s2”. As the rate of sea-level
rise now accelerates!4® and sea ice declines!4>!4° low-lying areas
become inundated, amplifying coastal erosion, which dominates
Arctic permafrost coastal processes today!>0. Some of the carbon
mobilized is buried in marine sediments!®!, but a fraction is
released to the atmosphere!36:13%.152,

Conclusions

This review identifies landscape considerations and compares
rates of change that impact permafrost carbon dynamics through
periods of rapid climate change. Key points are summarized in
Table 1. We also highlight areas of research that could help
further constrain permafrost carbon dynamics through periods of
past climate change that could provide important information for
the future. These include better constraints on subsea permafrost
extent and its carbon pool, as well as understanding of the
response to warming bottom waters and stability of subsea CH,4
hydrates, particularly in the nearshore environment. As terrestrial
permafrost continues to thaw and as climate warming is poised to
exceed the rates of change of Pleistocene glacial-interglacial
cycles, more research is needed on the stability of terrestrial gas
hydrates, which are currently capped by thick permafrost. Further
constraints on CH, and CO, dynamics from a range of perma-
frost thaw process, including talik (unfrozen ground in perma-
frost) growth, blow-out crater formation, terrestrial gas hydrate
dissociation, thermo-erosion, and coastal erosion are needed to
quantify movement and deposition of carbon among various
pools (soils, lakes, ocean, and atmosphere), and sequestration
processes, particularly of terrestrial carbon in the marine envir-
onment. Multiple lines of evidence suggest that the modern
extent of thaw has not yet exceeded that of the last deglaciation,
but the potential for a stronger permafrost carbon-climate feed-
back to ongoing and future Arctic climate warming remains a
possibility for this century.

Data availability
Supplementary Data Tables 1-3 are available at the figshare database https://doi.org/10.
6084/m9.figshare.23279855.v1.
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