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Activation of old carbon by erosion of coastal and
subsea permafrost in Arctic Siberia
J. E. Vonk1{*, L. Sánchez-Garcı́a1{*, B. E. van Dongen1{, V. Alling1{, D. Kosmach2, A. Charkin2, I. P. Semiletov2,3, O. V. Dudarev2,
N. Shakhova2,3, P. Roos4, T. I. Eglinton5, A. Andersson1 & Ö. Gustafsson1

The future trajectory of greenhouse gas concentrations depends on
interactions between climate and the biogeosphere1,2. Thawing of
Arctic permafrost could release significant amounts of carbon into
the atmosphere in this century3. Ancient Ice Complex deposits
outcropping along the 7,000-kilometre-long coastline of the
East Siberian Arctic Shelf (ESAS)4,5, and associated shallow subsea
permafrost6,7, are two large pools of permafrost carbon8, yet their
vulnerabilities towards thawing and decomposition are largely
unknown9–11. Recent Arctic warming is stronger than has been
predicted by several degrees, and is particularly pronounced over
the coastal ESAS region12,13. There is thus a pressing need to
improve our understanding of the links between permafrost
carbon and climate in this relatively inaccessible region. Here we
show that extensive release of carbon from these Ice Complex
deposits dominates (57 6 2 per cent) the sedimentary carbon
budget of the ESAS, the world’s largest continental shelf, over-
whelming the marine and topsoil terrestrial components. Inverse
modelling of the dual-carbon isotope composition of organic
carbon accumulating in ESAS surface sediments, using Monte
Carlo simulations to account for uncertainties, suggests that
44 6 10 teragrams of old carbon is activated annually from Ice
Complex permafrost, an order of magnitude more than has been
suggested by previous studies14. We estimate that about two-thirds
(66 6 16 per cent) of this old carbon escapes to the atmosphere as
carbon dioxide, with the remainder being re-buried in shelf
sediments. Thermal collapse and erosion of these carbon-rich
Pleistocene coastline and seafloor deposits may accelerate with
Arctic amplification of climate warming2,13.

The large magnitude of shallow permafrost carbon pools relative to
the atmospheric pools of carbon dioxide (,760 Pg) and methane

(,3.5 Pg) suggests that carbon release from thawing permafrost has
the potential to affect large-scale carbon cycling. Arctic permafrost can
be divided into three main compartments: terrestrial (tundra and
taiga) permafrost (,1,000 Pg C)8, Ice Complex (coastal and inland)
permafrost (,400 Pg C)4,8 and subsea permafrost (,1,400 Pg C)6,7.
Even without considering subsea permafrost, the carbon held in the
top few metres of the pan-arctic permafrost constitutes approximately
half of the global soil organic carbon pool8.

Investigations of Arctic greenhouse gas releases have focused on
terrestrial permafrost systems4,9,15, and only recently on subsea
permafrost6,7,16,17, with a notable scarcity of studies on the thawing
permafrost outcropping along the Arctic coast. In particular, the
extensive coastline of the Eastern Siberian Sea (ESS) is dominated by
exposed tall bluffs comprising ice-rich, fine-grained Ice Complex
deposits (Fig. 1a). The origin of the ,1-million-km2 deposits (with
average depth 25 m) dominating northeastern Siberia (and parts of
Alaska and northwestern Canada) is under some debate, but this
Pleistocene material is quite distinct from peat and mineral soil of
other Arctic permafrost4,5. These relict soils of the steppe-tundra
ecosystem have high carbon contents (1–5%)4,5. The export of organic
carbon from the eroding ESAS Ice Complex is presently estimated at
4 Tg yr21 (ref. 14), yet it has also been proposed that erosion from the
Lena Delta coastline alone might contribute this amount18. Clearly,
large uncertainties remain regarding the magnitude of eroded carbon
export from land to the shelf.

The extensive coastal exposure of the Ice Complex deposits (ICD)
makes them potentially more vulnerable than other terrestrial
permafrost; ICD retreat rates are 5–7 times higher than those of other
coastal permafrost bodies18. A destructive thaw-erosion process
brought on by thermal collapse of the coastline promotes surface
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Figure 1 | Erosion of Ice Complex deposits on the East Siberian Arctic Shelf.
a, Eroding, carbon-rich Ice Complex coast on Muostakh Island in the
southeastern Laptev Sea. b, Erosion-induced turbidity clouds envelop several
thousand kilometres of East Siberian Sea coastal waters. Note the rounded

shorelines of northeastern Siberia, indicative of coastal erosion. Red dashed line
shows areas of intensive ongoing erosion. (Satellite image of 24 August 2000,
available at http://visibleearth.nasa.gov.)
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subsidence, with ICD loss exacerbated by the increased wave and wind
erosion that accompany sea-level rise and longer ice-free seasons2.
Satellite images show a large erosional turbidity cloud along the
ESAS coastline (Fig. 1b). From limited land-based surveys, this ICD
erosion is thought to be delivering as much total organic carbon to the
ESAS as all its large rivers combined19,20. Unfortunately, these studies
are limited in spatial coverage, and do not consider the fate of the
released carbon in the receiving ocean. There are no field-based reports
of degradation or greenhouse-gas releases of thawing ICD; however, a
recent investigation of organic matter genesis in ESS surface sediments
suggests that ICD erosion may dominate over planktonic and riverine
sources21. Laboratory experiments have shown that microbial degra-
dation begins once permafrost has thawed, implying survival of viable
bacteria and an inherent lability of the very old ICD organic carbon
(ICD-OC)10,11. In addition to terrestrial ICD, the ESAS sediments
(inundated by seawater during the early Holocene epoch) also host
large Pleistocene deposits, presumably containing carbon in quantities
similar to those in the upper-1-m soil pool6,8. These reservoirs are
subject to active sea-floor thermal erosion16,17, potentially releasing
as much organic carbon as coastal erosion and rivers20. Overall, carbon
released from thawing and eroding coastal permafrost may play a
quantitatively important role in the Arctic carbon cycle.

To evaluate the role of the ICD and subsea permafrost carbon
(hereafter jointly referred to as ICD-PF) in the contemporary ESAS
carbon cycle, we adopted an inverse approach based on deducing the
contribution of this ICD-PF to carbon accumulating on the entire ESAS
shelf. We analysed more than 200 sediment samples (see Methods
Summary), collected during ship-based expeditions spanning the ESAS
(Supplementary Fig. 2, Supplementary Methods). We used a dual-
carbon-isotope (d13C and D14C) mixing model, solved with a Monte
Carlo simulation strategy to account for endmember uncertainties, to
deconvolve the relative contributions from ICD-PF, plankton detritus
and a terrestrial/topsoil component. We then combined the fractional
contribution from ICD-PF with the radiochronologically constrained
sediment accumulation flux (Methods Summary and Supplementary
Methods) to derive the shelf-wide re-burial flux of old carbon from
permafrost.

We examined the fate of thawing ICD-OC in ambient conditions on
coastal slopes of Muostakh, an island in the southeastern Laptev Sea
that is disappearing as a result of erosion rates of up to 20 m yr21 (refs
19,20,22; Fig. 1a). Bulk carbon contents, and molecular and isotopic
compositions of ICD-OC, were assessed in conjunction with in situ
CO2 evasion fluxes (Supplementary Methods) to assess susceptibility
of the organic carbon to degradation before delivery into coastal
waters.

Radiocarbon ages of surface-sediment organic carbon ranged
between 10,800 and 7,300 14C yr (Fig. 2a shows D14C values; see also
Supplementary Table 1) in the western ESS and the Dmitry Laptev
Strait, regions dominated by coastal erosion (Fig. 1b). Organic-carbon
radiocarbon ages were also old in the southern ESS and the Laptev Sea,
ranging from 7,800 to 3,200 14C yr. Lateral shelf transport times are
likely to be much smaller than these measured 14C ages23, implying
significant supply of pre-aged carbon to these sediments. d13C values
varied, from 228.3 to 225.2% near the coast, to 224.8 to 221.2% on
the outer ESAS (Fig. 2b; Supplementary Table 1). In contrast to other
world-ocean shelf seas, where the sediment organic carbon originates
from planktonic and riverine sources, coastline and sediment erosion
represent significant sources of organic carbon to the ESAS. The rela-
tive contribution of the three sources was deduced from their carbon
isotope fingerprints. In addition to a marine source, with
d13C 5 224 6 3.0% and D14C 5 60 6 60% (mean 6 standard devi-
ation (s.d.); Supplementary Methods, Supplementary Figs 4, 5), we
distinguish between two terrestrial sources: ICD-PF organic carbon
(coastal, inland, and subsea; formed before inundation), with
d13C 5 226.3 6 0.67% and D14C 5 2940 6 84% (Supplementary
Fig. 4, Supplementary Table 4), and topsoil permafrost (topsoil-PF)

organic carbon (drained from vegetation debris and the thin, surficial,
annual thaw layer of the continuous permafrost regions of northeast
Siberia), with d13C 5 228.2 6 1.96% and D14C 5 2126 6 54%
(Supplementary Fig. 4, Supplementary Table 3 and Supplementary
Methods). The endmember source assignments are based on an
extensive compilation of circum-arctic literature data, yielding
statistically robust and distinctive values for the three endmembers,
as further explained in the Supplementary Information (Supplemen-
tary Text; Supplementary Figs 4, 5; Supplementary Tables 3, 4).
Naturally, the isotopic endmember values carry uncertainties, which
may be reduced in the future by additional observations of the marine
and topsoil composition. The 13C and 14C compositions of the three
endmembers are well separated from each other (Supplementary
Fig. 4), which allows separation of their contributions while properly
accounting for the associated uncertainties using the Monte Carlo
simulation approach. We stress that the two terrestrial endmembers
are solely source-based, and independent of transport or mobilization
route, meaning that both ICD-PF and topsoil-PF can be delivered by
coastal, delta and riverbank erosion as well as river transport. The
resulting isotopic mass-balance model shows contributions of marine
(planktonic) organic carbon to the shelf sediments ranging between
7% nearshore and 54% on the outer shelf, whereas topsoil-PF contri-
butes ,30–35% close to land, decreasing to ,5% farther out (Fig. 2c).
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Figure 2 | Carbon isotope compositions and contribution of organic carbon
sources to sediment accumulation on the East Siberian Arctic Shelf.
a, b, D14C-OC (a) and d13C-OC (b) signals in ESAS surface sediments.
c, Annual sedimentary organic carbon accumulation fluxes (g OC m22 yr21)
and relative contributions (pie charts) of the three source pools to the surface-
sediment organic carbon on the ESAS. The mean ESS contributions are:
57 6 1.6% from ICD-PF (grey), 16 6 3.4% from topsoil-PF (green) and
26 6 8.0% from marine/planktonic organic carbon (blue), as identified by
numerical (Monte Carlo) simulations of the dual-carbon-isotope (d13C and
D14C) and endmember mixing models. Land area marked in light grey indicates
the distribution of the Ice Complex30.
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ICD-PF constitutes 36–76% of the sedimentary organic carbon
throughout the broad shelf, despite its largely coastal delivery. ICD-
OC is ballasted by mineral association and rapidly settles21,24,
whereupon it is probably resuspended from the sea floor and dispersed
over the shelf, mostly by bottom-boundary-layer transport21,25,26. Old
permafrost-released erosional carbon thus dominates burial of organic
carbon on the ESAS.

We estimate the net sediment burial of ICD-PF carbon using
accumulation fluxes from sediment cores (36 6 17 g OC m22 yr21;
all confidence intervals are 95%, unless otherwise stated; Fig. 2c,
Supplementary Table 2). This was scaled up by the fraction of sea floor
that is available for carbon burial (0.6), corresponding to water depth
.30 m (Supplementary Fig. 2), where resuspension is negligible and
sediments thus accumulate26. Combining the ESS shelf area
(9.87 3 105 km2) with the ICD-PF contribution to the sediment
organic carbon (ESS only: 57 6 1.6%; Supplementary Table 5)
yields an overall annual ICD-PF carbon accumulation flux of
12 6 8 TgC yr21. Inclusion of the Laptev Sea increases this value to
20 6 8 TgC yr21 (Supplementary Table 6). Hence, this approach
reveals that the supply of carbon from ICD-PF erosion to the ESAS
is much larger than has previously been assumed14,19,20.

The biogeochemical composition of the eroding slopes of Muostakh
Island (Fig. 3) indicates extensive organic matter degradation of the
thawing ICD before delivery to the ocean. Recurring trends were
observed in several properties between higher and lower elevations
on the investigated slopes that are consistent with continuing degra-
dation (Fig. 3; Supplementary Tables 7, 8), specifically: decreasing soil
organic carbon content; increasing d13C of organic carbon (d13COC);
decreasing D14COC; decreasing ratio of high-molecular-weight
n-alkanoic acids to high-molecular-weight n-alkanes; increasing ratio
of even, low-molecular-weight to odd, high-molecular-weight
n-alkanes; and increase in atmospheric CO2 venting, deduced from
field-chamber soil respiration measurements (Supplementary Methods).

These trends and fluxes contrast with prior assumptions that all thawed
and erosion-mobilized ICD-OC is directly flushed into the sea without
sub-aerial degradation14,19,20. The elemental, isotopic and molecular
data imply 66 6 16% (mean 6 s.d.; Supplementary Methods) down-
slope degradative loss of ICD-OC.

Combining the 20 6 8 Tg C yr21 sediment re-burial flux of thawed
old organic carbon with a recent estimate of water-column degrada-
tion of terrestrially derived particulate organic carbon on the ESAS of
1.4 yr21 (2.5 6 1.6 Tg C yr21; mean 6 s.d.)27 suggests an ICD-PF
organic carbon flux to the marine system of 22 6 8 Tg C yr21

(Supplementary Fig. 1). Assuming an equal contribution of this flux
from coastline and subsea erosion (Supplementary Table 6, which also
includes 25/75% and 75/25% models), the 66 6 16% carbon loss along
the eroding coastal slopes corresponds to a carbon venting (presumably
mostly CO2) from the ICD of 22 6 8 Tg yr21 (Supplementary Fig. 1).
The total remobilization of old organic carbon from thawing of ICD-PF
is thus ,44 6 10 Tg C yr21 (Supplementary Table 6; Supplementary
Fig. 1).

The present assessment suggests a substantially larger flux of carbon
from thawing ICD permafrost (44 6 10 Tg C yr21; Supplementary
Table 6) than has been inferred previously from exclusively land-based
surveys (,4 Tg C yr21; no error reported)14. Previous estimates of ICD
erosion may have been too low for several reasons, including gross
upscaling from limited point measurements of ICD retreat rates19,20,22.
In addition, upscaling using digital shoreline length data leads to
considerable underestimations28; and potentially large inputs from
retrogressive thaw slumps and slope failure28 are excluded when eleva-
tion change data are not included in coastline retreat measurements.
Finally, bottom erosion is a previously neglected but potentially
important contributor of old eroded organic carbon to the modern
biogeochemical cycle on the ESAS, with erosion rates of 10–30 cm yr21

(refs 18,29) at depths less than 30 m (nearly half the ESAS), where
present-day bottom-water temperatures in summer are 2–3 uC and
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Figure 3 | Biogeochemical signals of Ice Complex organic matter
degradation on Muostakh Island. a, Study area. b, Distribution of CO2

outgassing. c–g, Distributions along the four studied slopes (positions indicated
in b) of soil organic carbon content (c); d13C-OC signal (d); D14C-OC signal

(e); ratio of high-molecular-weight n-alkanoic acids to high-molecular-weight
n-alkanes (proxy for degradation status) (f) and ratio of even, low-molecular-
weight n-alkanes to odd, high-molecular-weight n-alkanes (proxy for bacterial
biomass relative to substrate) (g). Ratios in f and g are molecular ratios.
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have risen during the past decade13. Thermal collapse of the carbon-
rich, permafrost-laden coastlines and sea floors may accelerate with
Arctic amplification of climate warming, and could further intensify
the role of old Ice Complex organic carbon in carbon cycling in the
world’s largest shelf sea.

METHODS SUMMARY
Surface sediments were collected on several expeditions on the ESAS in 2004, 2005,
2007 and 2008 (Supplementary Fig. 2, Supplementary Tables 1 and 9). The
samples were analysed for organic carbon content and d13C (UC Davis Stable
Isotope Facility, USA) and D14C (US National Ocean Sciences Accelerator Mass
Spectrometry (NOSAMS) Facility of the Woods Hole Oceanographic Institution,
USA). The relative contributions of three endmember sources—Coastal Ice
Complex permafrost (ICD-PF: d13C 5 226.3 6 0.67%; D14C 5 2940 6 84%;
Supplementary Table 4); topsoil permafrost (topsoil-PF: d13C 5 228.2 6 1.96%;
D14C 5 2126 6 54%; Supplementary Table 3); and marine organic carbon
(d13C 5 224 6 3.0%,D14C 5 60 6 60%; Supplementary Figs 4, 5)—to the surface
sediment organic carbon content were quantified using a dual-carbon-isotope
mixing model, solved with a Monte Carlo simulation approach (Supplementary
Table 3). Radiochronological measurements on sediment cores from the ESAS were
performed at Stockholm University and at the Radiation Research Division of the
Risø National Laboratory for Sustainable Energy, Denmark (Supplementary Table
10, Supplementary Fig. 3). Total inventories of excess 210Pb were used to calculate
the annual sediment organic carbon accumulation on the ESAS (Supplementary
Table 2). The average contribution of organic carbon from ICD-PF in the surface
sediment was then used to infer the annual sediment organic carbon accumulation
from ICD-PF to the ESAS.

Ice Complex samples from the slopes of Muostakh Island were collected in July
2006 (Fig. 3, Supplementary Table 7). Bulk organic carbon and d13C analyses were
performed at Stockholm University (Department of Geological Sciences) and
D14C analyses at NOSAMS. The soil samples were extracted and separated for
identification of molecular biomarkers using gas chromatography/mass spectro-
metry. In addition, soil respiration measurements were collected on Muostakh
Island slopes with automatic lid chambers equipped with infrared gas analysers
(Fig. 3; Supplementary Table 8). Full details of methods are available in
Supplementary Methods.
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