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Abstract. Recent findings show that the amount of organic
carbon stored in high-latitude permafrost regions has been
greatly underestimated. While concerns are rising that thaw-
ing permafrost and resultant CO2 and methane emissions are
a positive feedback mechanism at times of anthropogenic
global warming, the potential role of permafrost carbon dy-
namics on glacial-interglacial timescales has received little
attention.

Here we present new results from a well-studied per-
mafrost loess-paleosol sequence in north-east Siberia that al-
most spans two glacial cycles (∼220 ka). We analysed the
deuterium/hydrogen isotopic ratios (δD) of alkanes, which
serve as proxy for paleo-temperature. Thus circumventing
difficulties to obtain exact age control for such sequences, the
results corroborate our previous notion that more soil organic
carbon was sequestered during glacials than during inter-
glacials. This fact highlights the role of permafrost in favour-
ing preservation of soil organic matter. Reduced biomass
production during glacials may have been of second-order
importance on these timescales.

Although future studies are needed to evaluate existing
large estimates of carbon dioxide releases from thawing per-
mafrost during the last termination (>1000 Pg C), we suggest
that permafrost carbon dynamics contributed to the observed
glacial-interglacial variation in atmospheric CO2 and need to
be included in carbon cycle and climate models.

1 Introduction

Antarctic ice cores have revealed that the succession of
glacials and interglacials during the past∼800 ka was inti-
mately linked to the global carbon cycle (Petit et al., 1999;
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Shackleton, 2000; Luethi et al., 2008). Cold glacial peri-
ods were characterized by low concentrations of atmospheric
CO2 (∼180 to 200 ppm), while interglacials had high con-
centrations (∼250 to 300 ppm). The large size of the car-
bon pool in the ocean (∼60 times the atmospheric carbon)
led to the prevailing notion that the oceans were the principal
driver and acted as net carbon sink during glacials (Sigman et
al., 2010; Broecker, 1982; Sigman and Boyle, 2000), which
we refer to here as the “ocean hypothesis”. Changes in the
Southern Ocean in particular have been proposed to play an
important role in controlling atmospheric CO2, because up-
welling and ventilation of the deep ocean, which constantly
accumulates respired CO2 from sinking organic particles, oc-
curs mainly around Antarctica (Sigman et al., 2010; Fischer
et al., 2010; Toggweiler et al., 2006).

However, there has been no success so far in finding
the supposedly large pool of “old” radiocarbon trapped in
the glacial deep ocean, which would be required to cor-
roborate the “ocean hypothesis” (De Pol-Holz et al., 2010;
Broecker and Barker, 2007; Skinner et al., 2010). Addition-
ally, carbon models are yet unable to convincingly explain
the full range of glacial-interglacial changes in atmospheric
CO2 with physical and biological changes in the ocean alone
(Brovkin et al., 2007; Fischer et al., 2010; Tagliabue et al.,
2009; Kohfeld and Ridgwell, 2010). In light of these incon-
sistencies, further research is necessary to (i) more precisely
quantify glacial-interglacial changes in carbon pools, both in
the marine and the terrestrial realm, and (ii) identify mecha-
nisms that may contribute to the observed changes in atmo-
spheric CO2.

What are the current notions concerning the terrestrial car-
bon pools during glacials? Apart from very few exceptions
(Zeng, 2007, 2003), most studies seem to support a “burden”
scenario, according to which the terrestrial carbon pools were
reduced during glacials, and thus the oceans not only had to
take up∼200 Pg C from the atmosphere (∼100 ppm change),
but additionally the carbon released from the continents.
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Reduced carbon storage on land is in agreement with the
intuitive view that net production of terrestrial biomass is
lower during glacials, because lower temperatures, lower at-
mospheric CO2, and increased glacial aridity are less fa-
vorable conditions for plant growth. Quantitative estimates
based on vegetation models indicate that the “burden” may
have been on the order of∼600–800 Pg C (Joos et al., 2004;
Kaplan et al., 2002; François et al., 1998), although much
larger figures have been proposed as well (Adams and Faure,
1998). Estimates of 300 to 700 Pg C have been derived from
∼0.32 ‰ more negative marine carbon isotopes (Bird et al.,
1996; Duplessy et al., 1988) that are commonly interpreted to
document a net transfer of (isotopically negative) terrestrial
carbon to the ocean.

However, the above estimates for the terrestrial burden
may be too high, because organic carbon buried below ice
sheets is ignored (Zeng, 2003, 2007), and quantification of
soil organic carbon in cold areas does not explicitly con-
sider the important role of permafrost for soil carbon stor-
age. In fact, revised estimates suggest that the soil carbon
pools in northern permafrost regions are much larger than
previously thought and may exceed 1670 Pg C (Tarnocai et
al., 2009; Zimov et al., 2006). The enormous carbon storage
at high-latitudes reflects that apart from biomass productiv-
ity, the rate of decomposition is crucial for terrestrial carbon
storage. Cold permafrost regions provide very suitable en-
vironments for preservation of soil organic matter and long-
term carbon storage. Many studies have therefore already
fueled concerns that today, at times of global warming, CO2
and methane emissions from thawing and decomposing per-
mafrost soils result in a large positive feedback and accel-
erate global warming (Schuur et al., 2008; Tarnocai et al.,
2009; Zimov et al., 2006).

In order to evaluate the potential role of permafrost soils
in the global carbon cycle, information is needed about
their age, formation, and carbon dynamics. So far, the
lack of long, continuous outcrops spanning several glacial-
interglacial cycles has limited such insights. Here we present
new results, namelyδD of alkanes, from a unique loess-
paleosol sequence, which we have studied over the last
few years and which documents environmental and climate
changes over the last∼220 ka. Apart from discussing the
new record as proxy for paleo-temperature, we discuss the
potential change of the size of the permafrost carbon pool
and critically reconsider the current paradigm of the burden
scenario.

2 Material and methods

Our research site is a∼50 m high permafrost bluff along the
Tumara River in the southwestern foreland of the Verkhoy-
ansk Mountains, northeast Siberia (Fig. 1). The lower part of
the bluff exposes Tertiary sands and Quaternary gravels. The
upper∼15 m, referred to as “Tumara Paleosol Sequence”,

consist of frozen dark grey loess-like sediments alternating
with bright brown soil horizons (Fig. 2). Previous detailed
stratigraphical and geochemical analyses (Zech et al., 2007,
2008) have shown that the dark units (B and D) are dom-
inated by silt size particles and have total organic carbon
(TOC) concentrations exceeding 1 %. The bright brown units
(A, C and E) contain more clay and have much lower TOC
(<0.5 %). These findings have been interpreted to document
the succession of glacials and interglacials, with low temper-
atures favoring intensive permafrost and water logging con-
ditions and good preservation of soil organic matter, while
warmer temperatures favor better drainage, mineralization
and weathering (Zech et al., 2007, 2008, 2010a).

Radiocarbon and luminescence ages support this interpre-
tation and the correlation of the organic-rich units B and D
with the last (MIS 2 to 4) and penultimate (MIS 6) glacials,
respectively (Fig. 2). It must be acknowledged though that
obtaining robust and precise age control in arctic, partly re-
worked and weathered loess and paleosols is very challeng-
ing. Radiocarbon ages can be significantly too old, because
soil organic material is exceptionally well preserved in cold,
arctic environments, and re-working of sediments can occur
through eolian, fluvial or colluvial processes without oxi-
dation of “old” carbon. On the other hand, the humic acid
fraction, which for the above reasons is generally preferred
over the refractory humin fraction when dating soils, is more
susceptible to translocation, particularly in soils with water-
logging conditions. This can lead to too young radiocar-
bon ages. Similarly, the IRSL ages can be too old when the
samples have been insufficiently bleached prior to deposition
(which might explain the inconsistent IRSL age of 177 ka in
unit C2), or they can be too young due to signal fading or sat-
uration. For a full discussion of the available numeric ages,
the reader is referred to the previous publications (Zech et al.,
2010a).

In light of the dating uncertainties, the correlation of
the organic-rich units with glacials remained controversial;
particularly as palynological and biomarker results became
available and documented larch forest cover for unit D (Zech
et al., 2010a). This seems to be at odds with its correla-
tion with the penultimate glacial, since larch has tradition-
ally been considered to be an indicator for interglacials in
Siberia. Similar inconsistencies are known from Lake El Gy-
gytgyn in NE-Siberia, possibly questioning the validity of
using vegetation reconstructions to infer “independent” age
control (Brigham-Grette et al., 2007).

In order to circumvent the chronostratigraphical difficul-
ties and to robustly assess the carbon storage and dynamics in
the Tumara Paleosol Sequence, we aimed at obtaining direct
temperature estimates and measuredδD in the long-chain n-
alkanes C27, C29 and C31. These n-alkanes are epicuticu-
lar leaf waxes synthesized by plants. They are relatively re-
sistant against degradation and well preserved in paleosols,
and they are also virtually insoluable in water, prohibiting
their vertical migration in soils once deposited (Huang et al.,
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Fig. 1. Geographic setting of the research site and distribution of permafrost soils. The location of the Tumara Paleosol Sequence is indicated
by the red star. Mean annual temperatures (MAT in◦C) (New et al., 2002) are draped over a hillshade model. The−5◦C isotherm (red
dashed line) approximately marks the southward extent of continuous permafrost today (Tarnocai et al., 2009). Discontinuous permafrost
exists at MAT<0◦C, and the +5◦C isotherm (dashed blue line) indicates the approximate southward expansion of continuous permafrost
during glacials assuming a 10◦C temperature reduction.

1999). They can thus be employed to reconstruct theδD sig-
nal of the water used by the plants during synthesis (Hou et
al., 2008; Sachse et al., 2006). Assuming constant metabolic
fractionation and limited effects of soil water evaporation
(discussed in detail below), the n-alkane signal mainly re-
flects changes in the isotopic composition of past growth sea-
son soil water and thus precipitation. Similar to ice core oxy-
gen and hydrogen isotope records, our leaf waxδD record
thus allows inferring past relative temperature changes, with
more negativeδD values indicating lower temperatures.

The laboratory work followed standard procedures. The
air-dried soil samples were ground and extracted with
DCM/Methanol (9:1) using accelerated solvent extraction.
The total lipid extracts were separated over activated silica
columns. The alkane fractions were spiked with hexamethyl-
benzene for quantification on a GC-FID. Triplicate measure-
ments of the compound-specific deuterium isotope ratios of
the alkanes were performed on a GC-pyrolyses-irMS. Stan-
dard deviations (shown in Fig. 2) were 2.3, 1.9 and 1.2 ‰ on
average for C27, 29 and 31. External standards (C27 and 29)

were run every 6 measurements and yielded fairly constant
isotope values of−221.2± 2.8 and−186.1± 3.0 ‰.

3 Results and discussion

3.1 Interpretation of δD in terms of relative
temperature changes

TheδD records of the three n-alkanes show very similar pat-
terns (Fig. 2). The organic rich units B and D are charac-
terized by values as negative as−270 ‰, while the alkanes
in units A, C and E are more enriched and exceed−240 ‰.
The similarity between compounds suggests that the overall
pattern is robustly recording isotopic changes related to tem-
perature and that the potential effects of changing vegetation
cover are negligible. Changing vegetation could theoretically
have an effect on the reconstructed isotopic signal, because
plants may exhibit specific isotopic leaf water enrichments.
In fact, vegetation changes have been reconstructed for the
Tumara Paleosol Sequence, employing that fact that C27 and
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Fig. 2. Stratigraphy and analytical results for the Tumara Paleosol Sequence. The stratigraphy illustrates the distinction between organic-rich,
dark grey units (B and D) and bright brown organic-poor units (A, C and E). Calibrated radiocarbon ages (cal. ka BP) have been obtained for
the upper part of the profile (* humic acids, others: humins, macrofossils from within the ice wedge), and infrared stimulated luminescence
ages (IRSL) for the lower part (Zech et al., 2010a). TOC is the total organic carbon concentration, andδD shows the deuterium/hydrogen
isotope ratios measured on the n-alkanes C27, C29 and C31 (in blue, red and green, error bars show standard deviation of triplicate measure-
ments, grey line is the average of all three alkanes). The correlation with marine isotope stages (MIS) and the age-depth model are shown to
the right.

29 are dominantly produced by trees, whereas C31 can be
mainly attributed to grass (Zech et al., 2010a). As all three
n-alkanes show very similar values and patterns (Fig. 2), we
suggest that the effect of changing vegetation on theδD sig-
nal is negligible.

Evaporation effects are probably also only of second-order
importance, because the plants likely could use the soil wa-
ter close to the thawing front of the active layer, which has
not yet experienced the isotopic enrichment that can be ex-
pected for the soil water in the uppermost topsoil. More-
over, in their study of leaf wax hydrogen isotopic fractiona-
tion across a large gradient of precipitation and evaporation,
Hou et al. (2008) did not find a significant influence of aridity
on hydrogen isotopic fractionation of plant leaf waxes. In-
deed, if evaporation had an effect on ourδD record, it would
have led to isotopic enrichment during the more arid glacial

periods, which would have dampened the observed glacial-
interglacial pattern. This could possibly explain the some-
what smaller range ofδD values in our record (∼30 ‰) com-
pared to respective ranges in ice core records (up to 50 ‰,
Fig. 3), and particularly the relatively positive values during
the MIS 2.

We finally note that a correction could be applied to
our record to take global ice volume changes into account.
This would consider the fact that the glacial oceans and
thus precipitation became slightly more positive (∼8 ‰),
and applying a correction would further increase the glacial-
interglacial differences inδD values. However, such a cor-
rection would require relatively precise age control, and we
thus prefer to plot the non-manipulatedδD record.
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Fig. 3. Comparison of the TOC andδD record from the Tumara Pa-
leosol Sequence with the marineδ18O stack (Lisiecki and Raymo,
2005). The vertical grey lines mark the tie points chosen for the
age-depth model.

In summary, although we acknowledge the need for fur-
ther research to quantify and correct for the potential effects
of changing vegetation, evaporation, global ice volume and
water vapor sources, we suggest that ourδD record domi-
nantly reflects temperature, and we infer that units B and D
were deposited during particularly cold conditions, namely
the last and penultimate glacial.

3.2 A tentative age-depth model for the Tumara
Paleosol Sequence

In order to construct an age-depth model for the Tumara Pa-
leosol Sequence, we used tie points to match (i) theδD mini-
mum in Unit B1 to the global Last Glacial Maximum, (ii) the
B/C unit boundary to the MIS 5/4 transition, (iii) unit C2 to
MIS 5d, (iv) the C/D boundary to the penultimate termina-
tion, (v) the D/E boundary to the onset of the penultimate
glacial, and (vi) the lowδD values at the bottom of the pro-
file to MIS 7d (Fig. 3). The respective depth-age pairs are
230/25, 490/70, 745/110, 965/130, 1245/190 and 1460/220
(depths in cm, ages in ka). Given the large methodological
uncertainties of the numeric ages, the constructed age-depth
model seems plausible. It yields an almost steady age depth
model (Fig. 2), which indicates that likely no major changes
in sedimentation rates or hiatuses occurred. This is in agree-
ment with the stratigraphical and geochemical results. The
ice wedge at∼5 m depth is the only cryoturbation feature in
the outcrop.

We have to emphasize that the constructed age-depth
model remains tentative to some degree. However, while
flaws in the model could have an effect on the details of the
regional paleoclimatic and environmental reconstruction dis-

Fig. 4. The Tumara Paleosol record in its paleoclimatic context.
The TOC concentration and the meanδD values are compared to
temperature proxies from Greenland (NGRIPδ18O) (NGRIP mem-
bers, 2004) and Antarctica (δD Vostok) (Petit et al., 1999), and to
atmospheric CO2 (Ahn and Brook, 2008; Petit et al., 1999). The
triangles mark the tie points used to establish the age-depth model.

cussed in the following, our main conclusions drawn in this
manuscript are not affected at all.

3.3 Regional paleoclimatic and environmental
reconstruction

Plotted on an age scale (Fig. 4), our deuterium record reveals
good overall agreement with independent paleoclimate data,
for instance the isotope temperature proxies derived from
Greenland and Antarctic ice cores (Petit et al., 1999; NGRIP
members, 2004). This is of course no surprise, and our ap-
proach could be criticized to be based on a circular argument,
because the marineδ18O stack used to construct the age-
depth model basically reflects the temperature changes seen
in the ice cores. Nevertheless, we are relatively confident
that the age-depth model is reasonable, because our record
also seems to correctly capture well-known climate patterns
in Siberia, such as the early Holocene warmth, warming dur-
ing MIS 3 (Anderson and Lozhkin, 2001), and peak warmth
during MIS 5e (CAPE – Last Interglacial Project Members,
2006; Kienast et al., 2008).

Although the paleoenvironmental reconstruction is not the
main focus of this manuscript, we would like to point out
two particularly interesting features. First, cold conditions as
indicated by unit C2 are consistent with various findings doc-
umenting substantial cooling and glacial advances within the
last interglacial during MIS 5d (Zech et al., 2011; Karabanov
et al., 1998; Stauch and Gualtieri, 2008).
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Secondly, relatively positiveδD values are found for
MIS 2. As already mentioned above, this could indicate
either extreme arid conditions (evaporation effects), or that
the temperatures were relatively modest in NE Siberia. Both
interpretations would corroborate plant macrofossil findings
from the Laptev Sea coast, which reveal extremely continen-
tal, arid conditions characterized by relatively warm sum-
mers during MIS 2 (Kienast et al., 2005). Increasing aridity
and continentality during the course of the last glacial prob-
ably also explain (i) successively more restricted glacial ex-
tents in Siberia (Stauch and Gualtieri, 2008; Svendsen et al.,
2004; Zech et al., 2011), and (ii) the decline in forest cover
and expansion of “Mammoth Steppe” (Zech et al., 2010a;
Sher et al., 2005). Explanations for this trend may be found
in the lowering of sea level and the resultant distance to the
Arctic Ocean, combined with rain shadow effects on the lee-
side of the growing Fennoscandian and Barents Ice Sheets
(Svendsen et al., 2004). However, an intriguing feature is
that the penultimate glacial apparently developed differently
compared to the last glacial. Glaciers seem to have reached
their maximum extents in Siberia at the end of the penulti-
mate glacial (Zech et al., 2011; Stauch and Gualtieri, 2008;
Svendsen et al., 2004), and although ourδD record indi-
cates very low temperatures, trees and even Larch prevailed
(Zech et al., 2010a). Our results may lend support to the
controversial hypothesis that the sprawling megafauna itself
was responsible for the expansion of the “Mammoth Steppe”
and the aridization trend during the last glacial (Zimov et
al., 1995).

3.4 The role of permafrost for enhanced carbon
sequestration

Our results have major implications on the role of per-
mafrost for carbon sequestration. As illustrated in Figs. 2–
4, more negativeδD values (i.e. lower temperatures) corre-
late with higher TOC concentrations (correlation coefficient
R = −0.61). Note that this correlation is totally independent
of the age model uncertainties. We suggest that the corre-
lation reflects the importance of permafrost (as impermeable
layer) in favoring water logging, oxygen depleted conditions,
and, in combination with low temperature, results in reduced
organic matter mineralization and enhanced carbon storage.
Net biomass productivity, which was likely higher during
warmer periods, was obviously not the dominant factor in
controlling TOC concentrations in permafrost soils. Our rea-
soning is consistent with studies that indicate that increasing
biomass productivity in a warming world doesn’t offset the
effect of permafrost thawing and resultant mineralization of
soil organic matter (Schuur et al., 2008; Zimov et al., 2006),
as well as with modern analogues, for example the fact that
tundra soils preserve and accumulate more TOC than (the
more productive) taiga or forest-steppe soils further south.

Permafrost loess sequences along the arctic coast, which
are referred to as “ice complex deposits”, or “Yedoma”

in Russian, often have TOC concentrations exceeding 5 %
(Schirrmeister et al., 2002; Wetterich et al., 2008). Most
of these sequences, however, span only a few ten thousand
years, are discontinuous, and strongly affected by cryoturba-
tion, which limits possible insights into permafrost loess for-
mation and carbon storage on glacial-interglacial timescales.
Apart from the ice-wedge at∼5 m depth, the Tumara Pale-
osol Sequence shows no evidence for cryoturbation. It thus
provides the first field evidence for the temporal dynamics
of carbon storage in permafrost soils, documenting enhanced
terrestrial carbon sequestration during glacials and reduced
sequestration during interglacials/interstadials.

3.5 Potential size of permafrost carbon sequestration
during glacials

In order to estimate the glacial “excess carbon storage” for
the Tumara Paleosol Sequence we did a simple back-of-the-
envelope calculation. Using estimated dry soil densities of
1000 kg m−3, TOC differences of 1 %, and soil thicknesses
of 3 m, the glacial units B and D each store∼30 kg m−2

excess carbon. When scaled to an area of 106 km2, excess
carbon storage would be already∼30 Pg C, and when con-
sidering the possible expansion of permafrost areas during
glacials (see Fig. 1), excess carbon storage could be on the
order of several hundred Pg C.

Note that our simple up-scaling exercise is only meant to
illustrate the direction and order of magnitude of potential
permafrost carbon dynamics. Many more long permafrost
sequences would ideally have to be studied to come to robust
estimates, because local and regional differences in biomass
productivity, drainage, mineralization, sediment accumula-
tion rates, etc., need to be taken into account. Nonetheless,
we suggest that the permafrost carbon dynamics recorded
in the Tumara Paleosol Sequence were (and still are) char-
acteristic for large parts of the vast, non-glaciated areas in
Siberia (Fig. 1). Spatial limits were probably reached only at
extremely cold sites, where TOC concentrations in soils be-
came production-limited, and at the southern boundary of the
Siberian permafrost area, where glacial aridity might have
offset the water logging effect of permafrost.

Further insights from additional field studies will be valu-
able, but may also be limited, because pedological evidence
for glacial excess carbon storage in (relict) permafrost soils
could, of course, been erased due to mineralization during in-
terglacials. Only where accumulation rates are high enough
and where permafrost prevails and protects the carbon-rich,
glacial paleosols even during interglacials, the sedimentary
stratigraphies will preserve the evidence for glacial per-
mafrost carbon. This, combined with the landscape dynam-
ics and intensive erosion related to permafrost thawing, likely
explains why long, continuous paleosol sequences suitable
for paleoenvironmental and -climate reconstruction are so
scarce and could not be studied more extensively so far.
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Modeling studies may therefore prove to be very helpful
in providing more accurate estimates for excess carbon stor-
age in permafrost soils during past glacials. We are aware
of only one such modeling study published so far. Zimov et
al. (2009) used a permafrost-soil carbon model, which indi-
cates that permafrost soils in Europe and South Siberia may
have lost more than 1000 Pg C upon warming during the last
deglaciation.

3.6 Potential implications for the global carbon cycle

Even though it is very difficult to quantify the uncertainty of
Zimov’s figure at this point and future modeling studies are
necessary to evaluate and refine this estimate, the potentially
enormous size of excess carbon storage in permafrost soils
during past glacials strongly suggests that permafrost carbon
dynamics could have contributed to the observed variations
in atmospheric CO2 concentrations (Fig. 4) and need to be
included in global carbon and climate models.

As mentioned in the introduction and acknowledged in
many studies, it is difficult to explain the full range of
∼100 ppm difference of atmospheric CO2 concentrations on
glacial-interglacial timescales with the current “ocean hy-
pothesis” only and the widely assumed “burden scenario”.
Permafrost carbon dynamics might provide a simple, hitherto
overlooked mechanism to off-set at least part of the terrestrial
burden. Taken at face value, Zimov’s estimate of>1000 Pg C
would even result in a “helper scenario” instead (1000 ver-
sus 600 to 800 Pg C would result in a net release of 200 to
400 Pg C during terminations). It is certainly challenging to
fully and exactly balance the highly uncertain changes in the
various terrestrial carbon pools, and further studies are nec-
essary to explore the role of permafrost carbon for the global
carbon cycle and the climate system (Zech et al., 2010b,
Zech, 2011).

4 Conclusions

Our study provides the first deuterium record from Siberian
permafrost loess-paleosols and spans almost two glacial cy-
cles. Valuable paleoclimatic information can be inferred di-
rectly from this temperature proxy, and future studies shall
increase the temporal resolution and test the reproducibility
of the record at other sites. The discussion in this manuscript
mainly focuses on the robust (sensuindependent of the age
model) finding that more soil organic carbon was repeatedly
sequestered under cold conditions. This finding highlights
that changes in mineralization of soil organic material are
as important to consider as changes in biomass production,
which is in perfect agreement with recent studies showing
that the high-latitude soil carbon pools have been hugely un-
derestimated.

While more thorough evaluations of the various terrestrial
carbon pool changes (including also peatlands and glacially

buried carbon) are needed to come up with robust figures,
we suggest that permafrost carbon dynamics may off-set at
least part of the hitherto assumed terrestrial burden and thus
help to explain the observed glacial-interglacial variability in
atmospheric CO2 concentrations.

Interesting implications of our study may also arise for our
understanding of the role of high latitude regions for the car-
bon cycle during the Holocene. Many studies have focused
on postglacial peatland development and find rapid carbon
accumulation with the onset of the Holocene (Tarnocai et al.,
2009; MacDonald et al., 2006; Jones and Yu, 2010). We
suggest that while permafrost degradation was dominant dur-
ing the last termination (from∼17 to 12 ka) and may have
contributed to the observed rise in atmospheric CO2, peat-
land formation in the formerly glaciated regions of Siberia
and North America started to significantly offset the per-
mafrost carbon emissions since∼12 ka and caused the initial
∼7 ppm drop in atmospheric CO2 during the Early Holocene
(MacDonald et al., 2006). Carbon sequestration in peatlands
would thus likely have contributed to initiate the next ice age
(Franzen, 1994; Klinger et al., 1996), namely by starting the
cooling trend and causing further sequestration of carbon in
expanding permafrost soils and peatlands. The cooling trend
would likely have continued during the Holocene, had there
not been man-made global warming and increasing anthro-
pogenic emissions (Ruddiman, 2003), reaching∼5 Pg yr−1

during the last century. To put this emission rate into con-
text, the positive feedback due to thawing permafrost is pro-
jected to be∼100 Pg over the next century (Schuur et al.,
2008; Tarnocai et al., 2009), while the natural rate of per-
mafrost carbon release during the last deglaciation (1000 Pg
over 5 ka, namely from∼17 to 12 ka) was probably only
on the order of∼0.2 Pg yr−1. We are thus responsible for
rapid and unprecedented rates of climate and environmental
changes in the Arctic.

Supplementary material related to this
article is available online at:
http://www.clim-past.net/7/501/2011/
cp-7-501-2011-supplement.pdf.
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