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Abstract. This work describes the hydrochemical composi-
tion of thermokarst lake and pond ecosystems, which are ob-
served in various sizes with different degrees of permafrost
influence and are located in the northern part of western
Siberia within the continuous and discontinuous permafrost
zones. We analysed the elemental chemical composition of
the lake waters relative to their surface areas (from 10 to
106 m2) and described the elemental composition of the
thermokarst water body ecosystems in detail. We revealed
significant correlations between the Fe, Al, dissolved or-
ganic carbon (DOC) and various chemical elements across
a latitude gradient covering approximately 900 km. Several
groups of chemical elements that reflect the evolution of the
studied water bodies were distinguished. Combining the data
for the studied latitude profile with the information available
in the current literature demonstrated that the average dis-
solved elemental concentrations in lakes with different areas
depend specifically on the latitudinal position, which is pre-
sumably linked to (1) the elements leached from frozen peat,
which is the main source of the solutes in thermokarst lakes,
(2) marine atmospheric aerosol depositions, particularly near
the sea border and (3) short-range industrial pollution by cer-
tain metals from the largest Russian Arctic smelter. We dis-
cuss the evolution of the chemical compositions observed in
thermokarst lakes during their formation and drainage and
predict the effect that changing the permafrost regime in
western Siberia has on the hydrochemistry of the lakes.

1 Introduction

The wetland ecosystems of the sub-Arctic region of western
Siberia act as unique natural indicators of climate change be-
cause these ecosystems are the most sensitive toward changes
in the natural environment. The primary reason for this sen-
sitivity is the presence of frozen peat deposits, which be-
come highly unstable during climate warming scenarios and
thermokarst development (Kirpotin et al., 1995, 2003, 2008;
Kirpotin and Vorobiov, 1999; Kravtsova and Bystrova, 2009;
Callaghan et al., 1999; Muldiyarov et al., 2001). Until re-
cently, most studies on thermokarst, specifically the thawing
of ice-rich permafrost or the melting of massive ground ice
(i.e. Jorgenson et al., 2008), have been performed in Canada,
Alaska, Mongolia, China, Antarctica and eastern Siberia (see
Kokelj and Jorgenson (2013) for a review and Boike et
al. (2013) for a description of the Lena River Delta Observa-
tory). However, relatively little attention has been paid to the
vast area of the western Siberian lowlands (WSL),where the
largest resources of potentially unstable frozen peat are con-
centrated. Most studies in this region were related to green-
house gases, particularly CH4, and their release to the atmo-
sphere from the surface of the thermokarst lakes (Walter et
al., 2006, 2008) and other forms of permafrost thaw (Walter
Anthony et al., 2012).

The frozen peatlands in the northern portion of the WSL
contain palsa-like raised bog complexes that are subjected to
permafrost thaw and lake formation. Thermokarst lake for-
mation is a dominant mode of permafrost degradation in-
volving a surface disturbance, melting ground ice, surface
subsidence and water impoundment (Grosse et al., 2013;
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Dugan et al., 2012). The concept of the cyclic development
of raised bog complexes was suggested by Scandinavian re-
searchers (Matthews et al., 1997; Sollid and Sorbel, 1998)
and was developed further for western Siberia several years
ago (Kirpotin et al., 2007, 2008, 2011). Briefly, the process
of soil thaw begins from permafrost subsidence at the flat
bog with the formation of a soil depression, which is an “em-
bryo” of the lake that continues growing until it achieves the
kilometre-sized mature stage. At this stage, the lake may be
drained after connecting to another water body or to a hy-
drological network, forming a drained lake orkhasyrey. On
the dry bottom ofkhasyreys, the frozen peat bogs begin to
thaw, initiating a new thermokarst lake cycle. Remote sens-
ing techniques demonstrate that in western Siberia the dom-
inant processes are currently the increasing number of small
thermokarst lakes in the north and the drainage of large lakes
to the river network south of the cryolithozone (Kirpotin et
al., 2009a; Bryskina and Kirpotin, 2012; Polishchuk et al.,
2014).

The thermokarst lakes of western Siberia are understudied;
only a few reports have revealed their hydrochemical com-
position (Savchenko, 1992; Leonova, 2004; Leonova et al.,
2005; Moskovchenko, 2010; Pokrovsky et al., 2011, 2013;
Savichev et al., 2011; Manasypov et al., 2012; Shirokova
et al., 2013). Within the northern border of the discontin-
uous permafrost, a few thermokarst lakes and ponds near
Novyi Urengoy have been investigated (Shirokova et al.,
2009; Audry et al., 2011). The primary results of the previ-
ous studies of the major and trace elements in the thermokarst
lakes in western Siberia are as follows: (1) a common source
of materials, such as soil peat or deep silicate rocks, was es-
tablished for Ca, Si, Al, Ti, Zr, Hf, Pb and U (Pokrovsky et
al., 2011); (2) the element-specific mobilisation mechanisms
were identified through the organic and organomineral col-
loids, which are particularly visible for Fe, Al, trivalent and
tetravalent hydrolysates (Shirokova et al., 2013); (3) the pro-
cesses of biological uptake and release (Zn, Mn, Co, Mo, Cu,
Si, P, Cd) were characterised in the water column and are par-
ticularly pronounced during hot summer periods (Pokrovsky
et al., 2013); (4) the sedimentation of solid phases containing
metals and metalloids in the sediments and the diffusional
flux to the bottom layers were demonstrated (Audry et al.,
2011).

Frey et al. (2007) investigated a set of large and small
rivers and streams located from 55◦ N to 69◦ N in the West
Siberian Plain, revealing a distinct change in the stream wa-
ter hydrochemistry from the permafrost-free zone, where
the rivers are fed by groundwater, to the permafrost-bearing
zone, where the primary feeding is due to element leaching
from the peat in the surface (unfrozen) soil horizons. How-
ever, no significant gradient was found in the stream wa-
ter chemical composition within the permafrost zone north-
ward of 61◦ N. The thermokarst lakes of this study, which
are located exclusively within the permafrost-bearing zone,
may offer a new dimension when evaluating the effect of

the permafrost on the surface water hydrochemistry. Indeed,
the lakes integrate multiple processes better at the landscape
level and have significantly higher spatial resolution because
they have much smaller watershed areas than rivers and
streams. Toward this purpose, the northern part of the west-
ern Siberian Plain presents an ideal case study given the fol-
lowing characteristics: (1) contrasting permafrost coverage,
ranging from sporadic to continuous, (2) a homogeneous ge-
omorphological/orographic context; (3) high homogeneity in
the peat soil and underlying Neocene clays and sands over
a significant latitudinal profile and (4) relatively easy ac-
cess to study sites through the existing road infrastructure,
which is linked to the oil and gas industry. The major goal
of the present study was to extend the lake sampling across
different permafrost zones from the sporadic/discontinuous
permafrost in the south to the continuous permafrost and
coastal Arctic regions, revealing the primary features of the
landscape and latitudinal control over the hydrochemistry
of the thermokarst water bodies. This work also attempts
to quantify the average dissolved organic carbon (DOC),
major and trace element (TE) concentrations and stocks in
the thermokarst lakes across the permafrost-bearing zone of
western Siberia and to predict the magnitude of any possible
changes in these parameters through the “substitute space for
time” approach (Frey et al., 2007).

Based on recently collected data, we study the chemi-
cal composition of the thermokarst lakes and ponds along
a 900 km gradient of climate, vegetation and permafrost cov-
erage to answer the following questions:

1. Do the variations in the chemical composition of lake
water chemical composition as a function of the surface
area of the lake in the continuous permafrost zone fol-
low the trends established in the discontinuous and spo-
radic zone?

2. Is there a latitude gradient for the DOC and TE concen-
trations in thermokarst lakes similar in size (subsidence,
ponds, large lakes and drained lakes)?

3. Is it possible to establish a functional dependence be-
tween the dissolved lake water component concentra-
tion and the lake surface area and to extrapolate these re-
lationships for the entire territory of the western Siberia
permafrost zone?

2 Study sites and methods

The studied region is located within a tundra and forest–
tundra zone of the northern part of the western Siberian wet-
lands, within the discontinuous and continuous permafrost
zones (Fig. 1). This region is dominated by small thermokarst
lakes less than 1 km2 in surface area; their total surface area is
estimated at 44 000 km2 (Rikhter, 1963; Domaniczkii et al.,
1971; Ivanov and Novikov, 1976; Kravtsova and Bystrova,
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Figure 1. Map of the studied region. Grey dots represent the towns. Position of permafrost distribution is according to Brown et al. (1997).
Sites 1, 2 and 3 correspond to Gyda, Novyi Urengoy and Pangody respectively. They comprise the continental zone of discontinuous per-
mafrost, including the coastal zone, around the village of Gyda within the zone of continuous permafrost sampled in August 2011; the east
of the Novyi Urengoy region in August 2011; and the district of Pangody (Yamalo-Nenetsk region), west of the Novyi Urengoy region in
August 2010, respectively.

2009). The investigated water bodies are mostly thermokarst
ponds and lakes located within peat sphagnum bogs; the bot-
tom sediments of the lakes are dominated by peat detritus.
Active thermokarst occurs due to the thawing of syngenetic
and epigenetic segregation ice, ice wedges and ice layers
in the deep (> 2 m) horizons and the thawing of the active
ice layer (< 2 m). Because of the thermokarst activity, var-
ious negative relief forms develop (depression, subsidence
and ponds) that are usually separated by flat mound peat
bogs up to 2 m high (Kozlov, 2005). The largest thermokarst
lakes of the region located within the peat bogs are up
to several km in diameter and 0.5–1.5 m deep (Savchenko,
1992; Kozlov, 2005). All of the sampled thermokarst lakes
in western Siberia were separated into five stages of evolu-
tion depending on their diameters (open water area) as fol-
lows: 2 to 10 m (3–80 m2), 11 to 100 m (100–8000 m2), 101
to 500 m (8000–200 000 m2), > 500 m (> 200 000 m2) and

drained lakes (khasyreys) to 5000 m (200–50 000 m2), which
correspond to the first, second, third, fourth and fifth stages,
respectively. These stages were separated based on the em-
pirical relative chronosequence of lake formation and cyclic
development.

The small permafrost subsidence, ponds, lakes and
drainage basins investigated in this study represent the typi-
cal sequence of thermokarst thawing and lake formation in
the northern portion of Western Siberia, as described pre-
viously (Kirpotin et al., 2003, 2007, 2008, 2009a, b, 2011;
Pokrovsky et al., 2011, 2013, 2014, Audry et al., 2011; Shi-
rokova et al., 2009, 2013). These studies reveal that because
the permafrost degradation and lake formation occurs on a
highly homogeneous organomineral substrate in an essen-
tially forest-free zone, the lakes are isomorphic, and their di-
ameters (or surface area) may be the best surrogate for the
degree of ecosystem development, specifically water body
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maturation. The sequence of events occurs as follows. The
appearance of the crack in the lichen cover of the frozen
mound surface decreases the albedo of the surface and en-
hances the peat degradation; consequently a shallow depres-
sion less than a few metres in diameter forms. The palsa
depression is filled by the water from the thawed soil ice
and partially by the rainwater. The size of the depression
increases forming a shallow round pond (< 10 m diameter)
which grows further into a small (< 100 m diameter) shallow
(< 1 m depth) lake, which is characterised by the intensive
peat abrasion at the border. When increasing the lake diam-
eter further (> 100 m), the lake border is stabilised, and the
water becomes less acidic and less organic. The final stage in-
volving large, mature aquatic ecosystems consists of the lake
draining into another larger water system or the hydrolog-
ical network, subsequently forming a dry lake bottom with
a small water body remaining in the centre of the drained
lake. All of the studied bodies of water ranged from 10 m to
several km in diameter and had similar depth (1.0± 0.5 m)
under normal precipitation/evaporation conditions. The age
of the lakes and the temporal scale of their evolution are cur-
rently unknown but should be similar to other thermokarst
lakes worldwide – i.e. age of several decades to hundreds
years, Grosse et al. (2013), with an axial increase in the ex-
panding lakes of approximately 1 m yr−1 (Burn and Smith,
1990). The connectivity between lakes and rivers is an im-
portant factor for the dynamics of the lake area and the
temporal evolution in the permafrost zone (see Chen et al.,
2013). All of the lakes sampled in the late summer in this
study were closed-basin lakes that exhibited the lowest sea-
sonal variability, similar to other studies in western Siberia
(Karlsson et al., 2012) and Alaska (Chen et al., 2013). Fi-
nally, most of the studied thermokarst lakes have no contin-
uous talik under their lake bottoms, unlike the lakes in the
Alaskan boreal forest (i.e. Roach et al., 2011) or the large
Siberian rivers. In contrast to the relatively deep (> 2 m)
thermokarst lakes in the sporadic/discontinuous permafrost
zone of Alaska with taliks located underneath (e.g. Burn and
Smith, 1990; Grosse et al., 2013), the shallow (< 1–1.5 m)
western Siberian thermokarst water bodies occurring within
a zone with permafrost measuring at least 50 m in thickness
that remained fully frozen during the ice period exhibited
only seasonal taliks within the upper soil layers. The excep-
tions are the lakes on the Gyda Peninsula, which can be af-
fected by the sea and thus have a partial connection with the
underground water reservoir.

Due to the very flat orographic context of the palsa peat
bogs, the studied water bodies do not have any inlets or out-
lets. The snow thaw water and the rainwater feeding these
lakes via surface inflow from June to September simply fol-
low the relief features. Because the lakes typically occupy
between 40 and 60 % of the territory in the studied sites, the
watershed area of the lakes is tentatively equal to the water
surface area. The lake diameter and surface area were de-
termined on-site using a GPS navigator and verified from

both topographical and Google Earth® maps. The sampling
was performed within three major study sites, as shown in
Fig. 1: (1) the coastal zone, around the village of Gyda in
August 2011, (2) east of the Novyi Urengoy region in Au-
gust 2011, and (3) the continental zone, including the dis-
trict of Pangody (Yamalo-Nenetsk region), which is west of
the Novyi Urengoy region in August 2010. Sites 2 and 3 lay
north of the discontinuous permafrost zone, while coastal site
1 is located within the continuous permafrost zone. The data
were compared to other information available regarding the
chemical composition of the thermokarst ponds and lakes of
western Siberia presented elsewhere (Shirokova et al., 2013;
Pokrovsky et al., 2013). Thanks to this comparison, we could
encompass a significant range of the climate, vegetation, and
permafrost thickness and coverage from the Arctic tundra to
the northern taiga developed on essentially the same mineral
and peat substrate. A detailed and comparative description of
the study sites is presented in Supplement Table S1.

We sampled 43 thermokarst lakes in the continental zone
and 15 lakes in the coastal Arctic zone using an all-
terrain eight-wheeled vehicle (ARGO 8× 8 700 HD). To
characterise the variability of the thermokarst lakes along
a ∼ 900 km latitude profile, the data on the lake water hy-
drochemistry in the southern part of the cryozone were also
used. This previous study (Shirokova et al., 2013) is based
on the samples collected during exactly the same period as
site 2, which was in August 2010 south of the discontinuous
permafrost zone. The sampled years are quite representative
for the long-term precipitation and temperature regime, as
well as the mean water budget (see discussion in Pokrovsky
et al., 2013). Due to the hydrocarbon extraction in western
Siberia, the surface and groundwater may be contaminated
with oilfield brine (e.g. Collins, 1975; Alexeev et al., 2004).
However, all of the studied lakes and ponds lay outside the
oil extraction fields within the largest natural gas provinces,
which therefore exert little impact on the surface ecosystems.
Water samples were collected from the surface (0.3 to 0.5 m)
of the lakes in pre-cleaned polypropylene 250 mL contain-
ers and filtered on-site or within 4 h after sampling through
disposable MILLEX filter units (0.45 µm pore size, 33 mm
diameter) using sterile plastic syringes and vinyl gloves. The
first 20–50 mL of the filtrate was discarded to condition the
filters. The filtered sample was divided into two parts: one is
acidified with bidistilled nitric acid to analyse the cations and
trace elements, while the other part is kept without acidifica-
tion for the DOC and anion analyses. Blanks were routinely
generated by filtering Milli-Q water and analysing the final
element concentrations; these blanks contained< 5 % of the
typical DOC and major cation and anion contents,< 10 % of
the divalent metal contents (Zn, Cu, Fe, Cd, Pb) and< 2 %
for the other trace elements (TEs).

The DOC, Cl−, SO2−

4 , Alk, cation and TE contents were
measured using methods that are routinely practised in our
laboratory during the analysis of boreal, organic-rich and
low-mineralised water samples (see Vasyukova et al., 2010;
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Pokrovsky et al., 2010, 2011, 2012). The TEs were measured
using inductively coupled plasma mass spectrometry (ICP-
MS, Agilent 7500 ce) with indium and rhenium as inter-
nal standards and a precision above±5 %. The international
geostandards SLRS-4 and SLRS-5 (Riverine Water Refer-
ences Material for Trace Metals certified by the National
Research Council of Canada) were used to assess the va-
lidity and reproducibility of each analysis. Good agreement
(i.e. within 10 %) was obtained between our replicated mea-
surements of SLRS and the certified values for all elements
discussed in this study. In addition to these analyses, all of
the lake water samples were measured using high-resolution
ICP MS (Element XR) with a factor of 100–1000 as the
lower detection limit for most of the elements and a rela-
tive uncertainty between 5 and 10 %. By significantly de-
creasing the detection limit, many new rare elements, which
were previously unavailable during ICP MS analyses of the
thermokarst lake waters, such as Ge, Ga, Nb, Ag, Sn, Te, Tl,
Bi, Hf, could be assessed for the first time while avoiding nu-
merous interfering factors. The average agreement between
the two ICP MS instruments for the majority of the TEs
was within 10–15 %. The non-acidified sample was used for
the following: (1) Si determination with ammonium molyb-
date on an AutoAnalyser 3 Bran + Luebbe with a±2 % un-
certainty and a 10 µg L−1detection limit; (2) DOC analyses
with total combustion at 800◦C using a Pt catalyser (TOC-
VCSN, SHIMADZU) with 5 % uncertainty and a detection
limit of 0.1 mg L−1; UV absorbence at 280 nm (spectropho-
tometer Varicen, Cary 50 Scan. UV-Visible); chloride and
sulfate analyses via liquid chromatography (DIONEX ICS-
2000) with an uncertainty of 2 % and a detection limit of
0.02 mg L−1.

The elemental contents were analysed using best fit func-
tions based on the least squares method, Pearson correla-
tion and one-way ANOVA with STATISTICA version 8 soft-
ware (StatSoft Inc., Tulsa, OK). Regressions and power func-
tions were used to examine the relationships between the el-
emental concentrations and the lake surface areas. The cor-
relation coefficients were calculated to elucidate the rela-
tionships between the organic carbon/Fe and TE concen-
trations in the lakes. The ANOVA was carried out using
Dunn’s method because each zone utilised a different number
of samples (SigmaPlot version 11.0/Systat Software, Inc).
A non-parametric Kruskal–WallisH test that determines
whether three or more independent samples belong to the
same population based on the medians was used to assess
the difference in major and trace element concentration be-
tween different stages of lake development (lake size). In
this regard, this method is analogous to the parametric one-
way analysis of variance (ANOVA); in our case it reveals the
difference between the different stages of lake development
based on the concentration of each given element.

3 Results and discussion

3.1 Specific conductivity and pH

All of the studied thermokarst sub-Arctic lakes from the con-
tinental zone should be fed by precipitation, as indicated by
the low concentrations of the major anions (Supplement Ta-
ble S2). The chloride and sulfate concentrations range from
0.014 to 1.12 and from 0.04 to 1.1 mg L−1, respectively,
matching the range of the typical values for atmospheric
precipitates in this region (Granat, 1972; Savichev, 2005;
Moskovchenko and Babushkin, 2012).

The conductivity of the thermokarst lake waters does not
exhibit any significant variations between the continental
lakes with different surface areas, although the maximal val-
ues of conductivity (∼ 20 to 30 µS cm−1) are recorded for
the smallest water bodies corresponding to the 1st and 2nd
stages (Fig. 2). In this and the subsequent figures, the sample
populations were grouped by the stage of lake development
for the southern part of the study region but not the north
because the sequence of lake development, when translated
into the lake size (surface area), is valid for continental sites
in the south but might not be warranted for the coastal site of
the north.

In the Arctic coastal zone, the conductivity is signifi-
cantly higher (73 µS cm−1 on average, ranging from 40 to
250 µS cm−1), which corresponds to the higher major ion
concentrations (Fig. 2). The surface waters of southern Gyda
Bay are enriched in Na+ and Cl− (Tomberg et al., 2011). The
lakes sampled in the coastal Arctic zone contain from 0.6
to 6.9 mg L−1 chloride and 0.02 to 1.6 mg L−1 sulfate. The
large variability in these ionic concentrations likely reflects
the different degrees of influence for the marine aerosol. Af-
ter disregarding a small depression, which presumably has
marine aerosol influences, the Gyda coastal lakes exhibit an
increase in conductivity when increasing in size. This ob-
servation, which opposes the data for the discontinuous and
sporadic permafrost zone, may be linked to the effect of the
marine aerosol deposits and the sea salt leached from the sur-
rounding mineral substrate due to the proximity to the sea.
Currently, the degree to which the precipitation could influ-
ence the hydrology of the coastal lakes remains unknown.
The quaternary marine deposits (see Supplement Table S1)
are absent in the southern continental part of the territory.
The low Si concentrations in large lakes also suggest that
the underground water contribution is relatively minor be-
cause the latter would bear a signature water–host rock in-
teraction with elevated [Si]. Figure 2 shows that the stud-
ied thermokarst lakes exhibit the lowest specific conductivity
compared to the other permafrost thaw water bodies reported
in the literature, such as the Lena Delta (Abnizova et al.,
2012). This low specific conductivity stems from the organic,
but not the mineral, nature of the surrounding substrate.

The pH of the thermokarst lakes from the continental site
ranged from 3.9 to 5.4; generally, the smallest water bodies
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Figure 2. Lake water conductivity as a function of lake surface area
in continental sub-Arctic zone of the Pangody and Novyi Urengoy
sites (from the first to the fourth stage of formation andkhasyrey
shown by diamonds, rectangles and triangles) and the Gyda site
(solid circles). See Supplement Table S2 for the correspondence be-
tween the lake stage of evolution and the lake surface area. Results
of Abnizova et al. (2012), Shirokova et al. (2013) and Pokrovsky
et al. (2011) correspond to thermokarst lakes and ponds sampled
in Samoilov Island (the Lena Delta), discontinuous/sporadic per-
mafrost of the Noyabrsk/Khanymey region, and the Novyi Urengoy
region, respectively. They represent a powerful regression of con-
centration as a function of lake surface area.

in the first stage were more acidic compared to the other
stages of lake development. This higher acidity stems from
the leached acidic peat, which affects the lake water chem-
istry; this effect is more pronounced at the beginning of the
thaw and at high solid substrate/surface fluid ratios. The lake
circumference increases linearly with the thermokarst ex-
pansion, while the lake area increases exponentially. Conse-
quently, a lower amount of thawed peat materials relative to
lake water volume contribute as the thermokarst lake grows
in size. This observation is illustrated by a distinct trend of
increasing pH when increasing the lake size in this region
(Supplement Table S2). Therefore, most of the studied west-
ern Siberian thermokarst ponds and lakes are significantly
more acidic than the other reported thermokarst shallow bod-
ies in North America (i.e. 6.8 to 8.5, Rautio et al., 2011). In
contrast, the coastal lakes of the Arctic zone, which are lo-
cated within the clays and sands of the contemporary marine
sediments within a much thinner peat horizon (see Supple-
ment Table S1), are influenced by spring flooding and the
proximity to the sea; therefore, they exhibit a significantly
higher pH (6.2 to 6.6).

3.2 Dissolved organic carbon

A high concentration of dissolved organic matter (DOM)
is typical for the studied thermokarst lakes. In the Russian
boreal zone, the organic matter leached from the peat and
bog soils provides a significant concentration of DOM and
a low concentration of inorganic ions (Alekin, 1953). Con-
sequently, the DOM often constitutes more than 50 % of the
total solutes, particularly in the northern portion of western
Siberia, including the Tazovsky district (Savchenko, 1992).

The peat thickness, which varies from 0.2 to 0.5 m in the
north and from 2 to 4 m in the south (see Supplement Ta-
ble S1), most likely controls the DOC enrichment of the sur-
face water in various permafrost zones. Overall, the DOC
concentration of the studied lakes shown in Fig. 3 agrees with
the trends reported for the area north of the discontinuous
permafrost zone of the Novyi Urengoy region (Pokrovsky
et al., 2011), the discontinuous/sporadic permafrost region
(Shirokova et al., 2013) and the upland lakes of the Macken-
zie Delta region (Kokelj et al., 2005). Concurrently, the west-
ern Siberia thermokarst lakes are richer in DOC compared to
the lakes of the Canadian sub-Arctic (Laurion et al., 2010;
Bouchard et al., 2012) and the Lena Delta (Abnizova et al.,
2012).

The analyses of the thermokarst lakes from the continen-
tal zone revealed a higher concentration of DOC at the first
and second stages (18.1± 15.4 and 15.3± 8.1 mg L−1, re-
spectively) compared to the mature stages (11.0± 4.3 and
11.1± 3.4 mg L−1, for third and fourth stages, respectively)
(Fig. 3). This progressive decrease in the DOC concentra-
tion during ecosystem development, which corresponds to
thermokarst lake growth and maturation, may stem from the
combination of two parallel processes: (1) the enrichment
of the water column when leaching peat at the lake border
and the thawing of surface soil ice; (2) the heterotrophic
mineralisation of DOM by aerobic bacterioplankton in the
water column. Both processes operate in the thermokarst
lakes within discontinuous (Pokrovsky et al., 2011) and
sporadic/discontinuous (Shirokova et al., 2013) permafrost
zones.

All the lakes, regardless of their size and geographic zone,
exhibited a strong correlation between the DOC (< 0.45 µm)
and the UV absorption at 280 nm (R2

= 0.90, not shown).
This correlation corresponds to the high level of aromatic-
ity (Summers et al., 1987; Weishaar et al., 2003; Helms et
al., 2008) and suggests an allochthonous origin (i.e. peat soil
leaching) for the dissolved OM from the beginning of per-
mafrost thaw until the ecosystem matures, which is well pro-
nounced across the permafrost gradient studied in this work.
In the discontinuous and sporadic permafrost zone, after a
progressive increase in the ratio of the water volume to the
board perimeter, the input of allochthonous DOM to the lake
decreases based on the mass balance calculations, while the
intensity of heterotrophic respiration of DOM into CO2 re-
mains constant (Shirokova et al., 2013). This behaviour de-
creases the DOC concentration during the maturation of the
lake ecosystem. Presumably, similar mechanisms for DOC
decreases that occur with the maturation of the lake operate
in other continental permafrost sites considered in the present
study, as shown in Fig. 3.

An additional reason for the decreased DOC concentra-
tion in large, mature lakes may be the photo-oxidation of
high-molecular-weight organic substances in the water col-
umn, which is fairly well known in other boreal and sub-
Arctic aquatic systems (Laurion et al., 2000; Kohler et al.,
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Figure 3. DOC (< 0.45 µm) concentration in studied water bodies
as a function of their surface area. The symbol description is the
same as in Fig. 2. Results of Bouchard et al. (2012) are from sub-
Arctic Quebec thermokarst lakes and ponds and those of Abnizova
et al. (2012), Shirkova et al. (2013), and Pokrovsky et al. (2011) are
described in Fig. 2.

2002; Cory et al., 2007; Thorn et al., 2010; Pokrovsky et al.,
2011; Shirokova et al., 2013). Overall, the degree of DOC
decrease should be controlled by the residence time of the
water and the dissolved components in the lake, similar to
streams in the permafrost regions (see Jantze et al., 2013).
During lake maturation in western Siberia, no changes in the
lake drainage basin are detected relative to the soil chemi-
cal and mineralogical composition (essentially frozen peat)
or vegetation (dwarf shrubs with moss and lichen cover, see
Pokrovsky et al., 2014). Therefore, the relative impact of the
allochthonous processes at the watershed on the lake chem-
ical composition should decrease when increasing the lake
size due to the decreased ratio of lake drainage area / lake
volume.

After a significant lake drainage andkhasyreyforma-
tion during the last stage, the DOC content increases to
15.6± 3.6 mg L−1. This increase may be linked to the pres-
ence of aquatic plants, phytoplankton and periphyton, which
contribute to the production of autochthonous exometabo-
lites and therefore increase the DOC level and lability in
the lake water. Similar phenomena were observed in the
Mackenzie Delta lakes (Tank et al., 2009, 2011).

The DOC in the water column of the Arctic lakes from
the coastal zone of the Gyda region ranged from 3.2 to
21.3 mg L−1; the highest concentrations were encountered in
the smallest (< 100 m diameter) water bodies. The average
DOC concentration was 7 mg L−1, which is two times lower
than the continental lakes. The difference in DOC between
lakes varying in size from the continuous and discontinuous
permafrost zone is comparable to the northward decrease in
DOC across the tree-line tundra transition reported by Vin-
cent and Pienitz (1996).

3.3 Major and trace element concentrations in the
thermokarst lakes

A distinguishing factor for the studied water bodies is that Fe
and Al are some of the major dissolved components in the
water column. In the discontinuous and sporadic permafrost
zone of western Siberia, the speciation of most trace elements
is controlled by their association with Fe, Al-rich organomin-
eral colloids and allochthonous organic matter originating
from peat leached at the lake border and, at the beginning
of the thermokarst development, the lake bottom (Pokrovsky
et al., 2011, 2014). Consequently, a correlation between the
concentration of TE and that of their main carriers in the
lake waters (organic matter, Fe, and Al colloids) might be ex-
pected. Examples of the correlations between the major lake
water parameters (Al, Fe, DOC and specific conductivity) are
shown in Fig. 4. The Fe and Al have a significant correla-
tion with the DOC (R2

= 0.84, R = 0.91 (p < 0.0001) and
0.60 (p < 0.0001), respectively) over the full size of lakes
and ponds both in the continuous coastal and discontinuous
continental sites.

The highest concentrations of Fe and Si are observed at the
beginning of the lake formation, while the lowest concentra-
tions of these components are encountered in large mature
lakes, as illustrated in the plots of the major and TE concen-
trations as a function of the lake diameter (Fig. 5a–b). The
Arctic coastal lakes of continuous permafrost zone contain
significantly higher alkali (Na, K) and alkaline-earth (Ca,
Sr) concentrations compared to the continental (southern)
thermokarst lakes (Supplement Tables S2 and S3) due to the
influence of the sea salts, which may be marine aerosols or
saline waters fed underground. Notably, the hosted rocks of
the Arctic lakes represented by the Neocene marine clay de-
posits also contain a significant amount of easily exchange-
able alkali and alkaline earth metals, similar to the marine
sediments influencing the rivers of the White Sea coast in the
European sub-Arctic (Vasyukova et al., 2010).

The average measured elemental concentrations in the wa-
ter column of the studied thermokarst water bodies from
the southern (continental) zone are listed in Supplement Ta-
ble S3. The surface waters in the northern part of western
Siberia present a low concentration of total dissolved ions
and labile major and trace elements, such as Na, Mg, Si, K,
Ca, Li, B, Mn, Rb, Sr, Mo, Ba and U, which primarily orig-
inated from deep and shallow groundwater discharge dur-
ing the mineral weathering reactions. Essentially, the peat-
like (organic) nature of the hosting solid substrate for the
thermokarst lakes elevates the DOC contents and acidifies
the waters compared to other lakes located within the min-
eral substrates in the continental part of eastern Siberia
(loesses) and the Alaskan Arctic, particularly the Macken-
zie Delta (i.e. Kokelj et al., 2009). The TE concentrations in
the western Siberian thermokarst lakes are much higher com-
pared to the metal concentrations in the glacial lakes of the
Northwestern Territories in Canada (Pienitz et al., 1997a, b;
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Figure 4. Dependency of conductivity(A), Fe(B) and Al (C) con-
centration on DOC concentration in thermokarst lakes of different
stage of development. The symbol description is the same as in
Fig. 2. The circle in(A) represents the data of Arctic coastal lakes
(Gyda site) exhibiting an order of magnitude higher conductivity at
otherwise similar DOC.

Rühland and Smol, 1998; Lim et al., 2005; Côté et al., 2010),
the Canadian High Arctic (Lim et al., 2001; Michelutti et
al., 2002a, b; Antoniades et al., 2003) and thermokarst lakes
of the Arctic Alaska (Kling et al., 1992); and central Yaku-
tia (Kumke et al., 2007; Wetterich et al., 2008) and northern
Eurasia (Duff et al., 1999; Solovieva et al., 2005).

Based on the non-parametricH test by Kruskal–Wallis,
statistically significant differences are detected between dif-
ferently sized and developed lakes for Fe (H = 12.6, p =

0.0132), Na (H = 19.8, p = 0.0006), Mg (H = 10.9, p =

0.0283), K (H = 24.9, p = 0.0001), Zn (H = 10.2, p =

0.0374), and Cr (H = 10.3, p = 0.0360). Specifically, a sys-
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Figure 5. Fe(A) and Si(B) concentration in the water column as a
function of lake surface area. The symbol description is the same as
in Fig. 2. Data of Pokrovsky et al. (2011) and Abnizova et al. (2012)
are from the discontinuous permafrost zone of western Siberia and
the Lena Delta observatory, respectively. Due to the lack or the high
dispersity of published lake water concentration data points, results
of the other studies could not be adequately represented.

tematic evolution of the thermokarst lake chemical compo-
sition can be observed from the Fe–Si waters at the be-
ginning of lake formation to the Ca–Na–Mg dominance
in the mature, fourth-stage lakes. The terminal fifth stage
is characterised by increased relative contributions of Si,
K and Fe. The Arctic coastal lakes exhibit the follow-
ing order of decrease in dissolved element concentrations:
Na> Mg > Ca> K > Si> Fe> Al > Zn> Sr> Mn. There-
fore, the studied lakes in the coastal continuous permafrost
zone are similar to the mature thermokarst lakes of the fourth
stage from the continental zone, with a somewhat smaller
contribution from Fe and Si and an increased contribution
from Na due to the proximity of the sea.

The data obtained on the thermokarst lake composition al-
lowed us to distinguish four groups of chemical elements,
reflecting the dynamic succession of lake development from
the first to the last stage: (1) elements whose concentrations
decreased from 20 to 90 % during lake maturation include
Cr, Cs, Mo, Ga; (2) elements whose concentrations increased
by 35 to 55 % include Ca, Li, Mg, Se; (3) the elements with
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the highest concentrations at the first and last stages, which
was the lowest in mature thermokarst lakes> 100 m diame-
ter, with the relative variations between different stages from
26 to 83 % include As, Co, Fe, Al, Si, Cd; (4) elements whose
concentration was the lowest at the beginning and the end of
ecosystem development and was the highest in mature lakes
larger than 100 m in diameter include V, U, Rb, B, K and ma-
jor anions (Cl−, SO2−

4 ) with relative variations between 32
and 83 %. The decrease in the first and third element group
concentrations over the course of the lake ecosystem devel-
opment may be linked to the colloidal status of these ele-
ments, as demonstrated in other thermokarst aquatic environ-
ments (Pokrovsky et al., 2011; Shirokova et al., 2013). The
decreased DOC and Fe concentrations over the course of the
development of lake ecosystems decreases the concentration
of allochthonous organomineral colloids, which bind these
trace elements.

3.4 Trace element concentration dependence on the
lake surface area

The correlation coefficient between the element concentra-
tion and the lake diameter is element specific and generally
negative; specifically, the concentration decreases when in-
creasing the lake diameter, as observed for DOC, Al, Fe, Mn,
Co, Zr, rare earth elements (REEs) and Th (Supplement Ta-
ble S4). Examples of the typical relationships between the
element concentration and the water body surface area are
illustrated in Fig. 6 for several groups of trace elements: di-
valent metals (Zn, Cu, Ni and Pb, panels A–D), oxyanions
and neutral molecules (Mo and As, panels E and F), triva-
lent and tetravalent hydrolysates (Al and Zr, panels G and H)
and soluble, marine aerosols/saline deposits – originated el-
ements (Rb and U, panels I and J). For the thermokarst lakes
of the continental permafrost zone, we observe the following:
(1) clear tendencies for the TE concentration to change with
the size of the water body and (2) significant differences in
the element concentrations at different stages of lake devel-
opment with similarly sized water bodies (i.e. second stage
andkhasyreys).

The results from the Arctic coastal lakes in the continu-
ous permafrost zone follow the general trends obtained for
the continental region; however, some peculiarities remain.
Similar to the significantly less acidic pH of the latter, the
concentration of typical insoluble elements, such as Al or
Zr, in > 100 m diameter lakes is significantly smaller in the
Gyda region compared to the continental zone (Fig. 6g and
h). Tetravalent hydrolysates (Ti, Zr, Hf, Th) do not exhibit
any significant difference in their concentrations at different
stages of lake development, beginning with the second/third
stage, until the drained lake stage (khasyreys). This obser-
vation may suggest a lack of input of silicate material from
underground sources or atmospheric dust deposits.

The decreased element concentrations with the water body
area increase are typical for the elements supplied to the lake

water from the leached peat and plant litter; these compo-
nents are then actively removed from the water column dur-
ing chemical and microbiological processes without signif-
icant atmospheric or underground input. For example, this
observation may be true for all divalent transition metals. El-
ements influenced by atmospheric or underground input from
sea salts are Rb, Sr, B and U (Fig. 6i and j). Based on both
the non-parametric Kruskal–WallisH test and the parametric
one-way analysis of variance (ANOVA), Rb and U demon-
strate statistically significant concentration increases when
the lake diameter increases to the fourth stage before the lake
drains.

To reveal the specificity of the chemical composition of
thermokarst lakes at the beginning of their formation, we cal-
culated the ratio of average element concentrations in the
smallest water bodies (permafrost subsidence and depres-
sions< 80 m2 area) to the average value for the larger lakes,
which is illustrated as a stack diagram in the Electronic Sup-
porting Information (Fig. S1). At the beginning of the lake
formation, a significant enrichment (≥ factor of 2) in Fe, Si,
Ga, Pb, Cd and insoluble trivalent and tetravalent elements
that are bound to DOC and Fe occurs in the lake water. After
the development and increase in the size of the lakes, Zn, Ba,
As, Ni, Cr, Ti, Mo, W, Y, Ce, and La decrease in concentra-
tion, while K, Rb, Se, Li, Cu, and, to a lesser degree, Mg and
Sb increase in concentration. The significant increase in Si
and K (and its isomorphic Rb) after lake maturation may be
linked to the release of these elements from decaying plant
litter and aquatic macrophytes present at the final stage of
lake evolution. Minimal changes in the concentration were
recorded for Na, V, Sb, U, Ca and Mn. These elements are
not strongly associated with organoferric colloids. Therefore,
these elements are not correlated with the DOC, Fe or Al,
which are the major colloidal components of the lake water;
these elements are also significantly transformed during lake
maturation. In addition, these elements do not have signif-
icant external sources (atmospheric aerosols, industrial ac-
tivity) and, thus, act as highly conservative constituents of
thermokarst lake water in western Siberia. A detailed anal-
ysis of correlations between the elements in the thermokarst
water bodies is presented in Supplement Fig. S2.

3.5 DOC and metal concentration in thermokarst lakes
of western Siberia across a 900 km latitude and
permafrost profile

Given the large geographic coverage of the thermokarst lakes
studied in this work and investigated previously (∼ 10◦ lat-
itude along a strongly pronounced gradient of permafrost
thickness from the sporadic and discontinuous zone in the
south of Noyabrsk district to continuous zone in the Gyda re-
gion), the effect of the degree of permafrost coverage on the
lake water hydrochemistry can be assessed (Fig. 7). This rep-
resentation may be partially biased because the coastal Gyda
lakes are subjected to the influence of marine aerosols. For
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Figure 6. Trace elements concentration dependence on the lake surface area. The symbol description is the same as in Fig. 2.
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this analysis, we used the geometric mean values of the ele-
ment concentrations in the lakes sampled during the summer
from 2008–2012 for four size ranges of thermokarst water
bodies; the dominant types were the small and medium lakes
100 to 500 m in diameter.

To assess the effect of the latitude and permafrost cover-
age on the thermokarst lake chemical composition, we se-
lected the major components of the lake water (DOC, pH,
Ca, K), low-soluble trace metals (Al, Fe, Zr), several envi-
ronmentally important heavy metals, such as Mn, Co, Cu,
Ni, Pb and Cr, and soluble elements bearing the signature of
marine deposits or aerosols (Sr, Mo). To interpret the data
shown in Fig. 7, we used Spearman’s rank correlation coef-
ficient (rS) at p < 0.05 because our data are not distributed
according to the normal law. Four distinct patterns of ele-
ment concentrations are revealed in the lake water versus the
lake position on the latitude profile illustrated in Fig. 7a–n:
(1) DOC, Pb, V, Ba and Sb decrease in concentration from
the south to the north with a factor of 2 to 4; (2) Si, Fe, Al,
As, REE demonstrate a non-systematic evolution in concen-
tration with relatively small variations in the latitude with a
decrease below twofold from south to north; (3) Mn, Co, Cd,
Cs, Zr, Hf, Th exhibit a maximum concentration at the north-
ern border of the discontinuous permafrost zone, up to five
times compared to the adjacent sites, and a decrease of two
to three times compared to the northern site; (4) the specific
conductivity Cl, Ca, Na, Mg, K, Sr, Cu, Ni and Cr increase
in concentration from the south to the north by 3 to 10 times,
depending on the size of the water body.

The latitudinal profile of the DOC concentration demon-
strates a general decrease in [DOC], which is more
than threefold from the most southern to most northern
thermokarst lakes (Fig. 7a). This decrease is statistically sig-
nificant (rS = −0.39) and valid for the full range of lake
sizes. Therefore, if the increased permafrost thaw in the
north of western Siberia will provoke a shift from continu-
ous to discontinuous/sporadic permafrost, the concentration
of DOC in small surface water bodies may increase by as
much as 300 %. Within the soil warming scenario, the pri-
mary mechanisms governing these changes are as follows:
(i) elevated temperatures, (ii) increased duration of the active
period and (iii) increased thickness of unfrozen peat layer
deposits feeding the lakes via surface inflow.

The effect of the local atmospheric and long-range input
can be accessed by comparing the dissolved element con-
centrations in otherwise similar thermokarst lakes located at
different distances from the sea or from industrial pollution
centres. When approaching the sea (northward), the concen-
tration of Ca2+ and the major cations and anions, as well
as the typical trace elements that are enriched in the seawa-
ter relative to the continental waters, such as Sr (Fig. 7m)
and Mo (Fig. 7n), increase for the lakes in all size ranges.
For the heavy metals, a pronounced increase in the Cu, Ni
and Cr concentrations (Fig. 7i, k and l, respectively) is ob-
served in the most northern region of the continuous per-

mafrost zone (Gyda site) within approximately 300 km from
the largest Arctic smelter (Cu–Ni–Cr processing factories in
Norilsk). This increase is clearly observed for the large lakes,
which can more easily integrate the atmospheric deposition.
For the other heavy metals, the effect of the proximity to the
sea or to the industrial centre is not pronounced. Notably, the
concentration of Pb decreases to the north as the permafrost
regime changes from discontinuous/sporadic to continuous
(Fig. 7j). This decrease may reflect the decrease in the in-
tensity of the Pb leached from peat, which accumulates this
element (Shotyk et al., 2000).

4 Concluding remarks

To understand the chemical composition of thermokarst lake
waters in the sub-Arctic, this work revealed general fea-
tures of thermokarst depressions, ponds and lakes in the
continental part of the discontinuous and coastal region of
the continuous permafrost zone of the northern region of
western Siberia. Within the continental permafrost zone of
the thermokarst lakes, we observe a systematic evolution of
the chemical composition of the water bodies while their
ecosystems develop from small permafrost subsidence, de-
pressions and ponds to large thermokarst lakes. This trend
consists of decreasing DOC, Fe and many low-mobile TE
concentrations during maturation and size increases, which
are most likely linked to peat leaching at the lake border
and heterotrophic DOM respiration in the water column. Af-
ter the lake drains and the active macrophytes grows in the
khasyreys(drained lakes), the DOC and some elements, such
as K, Rb, Cu, Mg, B and Sb, increase again due to the au-
tochthonous biological processes.

Compared to the lakes in the continental site (N Urengoy
and Pangody) of the permafrost zone located at the water-
shed divide, the coastal thermokarst lakes from the contin-
uous permafrost exhibit 2 to 10 times lower concentrations
of DOC and the most insoluble elements (Al, Fe, trivalent
and tetravalent hydrolysates) and 2 to 5 times higher concen-
trations of anions, alkali and alkaline-earth elements. More-
over, the lakes at Gyda do not exhibit any clear trends for
the concentrations of most of the dissolved constituents (ex-
cept DOC) relative to the lake size. The coastal lakes of the
continuous permafrost zone do not follow the trend of [TE];
the lake size evolution was observed in this study for the
discontinuous permafrost zone and established earlier in the
sporadic permafrost zone. This difference is important when
comparing the hydrochemical data with that of other sub-
Arctic zone sites because most of the information available
on thermokarst lakes in other sub-Arctic regions belongs to
the coastal regions.

The major and trace element concentrations exhibited a
gradually decreasing trend as the logarithm of the lake sur-
face area increased, reflecting the decreased input of the al-
lochthonous sources (peat leaching at the lake border) during
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Figure 7. Lake water pH, DOC, Ca and K concentration in thermokarst lakes as a function of latitude in discontinuous/sporadic and con-
tinuous permafrost zone of western Siberia. The average values with standard deviation are calculated for each stage of lake development,
corresponding to different lake diameter. In addition to the results of the present study, data of Shirokova et al., 2009; 2013 and Pokrovsky et
al. (2011) were used.
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Figure 7, continued. Lake water Al(E), Mn(F), Fe(G), and Zr(H) concentration in thermokarst 996 

lakes as a function of latitude. Note logarithmic scale for Fe and Al concentration. 997 
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Figure 7. Lake water Al(E), Mn (F), Fe(G), and Zr(H) concentration in thermokarst lakes as a function of latitude. Note the logarithmic
scale for Fe and Al concentration.
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Figure 7. Lake water Ni, Pb, Cu, Cr, Sr and Mo concentration in thermokarst lakes as a function of latitude.

lake growth and ecosystem maturation. The exceptions are
Cu, Ni, Mo, Rb and U, whose concentrations increase with
the lake size due to ongoing bioaccumulation/biodegradation
processes and underground feeding. The observed relation-
ships are hypothesized to be valid for the continental part
of the sporadic and discontinuous permafrost zone, and can
presumably be extended farther north in the continuous per-
mafrost zone far from the coast.

Concurrently, for each range of the thermokarst lake size,
we observe a clear gradient for the DOC, pH, major and trace
element concentrations from 63 to 71◦ N (sporadic to contin-
uous permafrost zone), reflecting the decreased influence of
deep the groundwater and surrounding peat thickness and the
increased proximity to the sea and ore processing facilities.

The acceleration of the permafrost thaw in the northern
portion of western Siberia (Kirpotin et al., 2009a, b; Bryksina
et al., 2009; Dneprovskaya et al., 2009; Bryksina and Kir-
potin, 2012) should increase the amount of small soil sub-

sidence and permafrost depressions while decreasing the
amount of large (mature) lakes. For example, a net increase in
the amount of lakes was observed for the Nadym watershed
(north of western Siberia and close to continental sites of this
study), which is explained by the formation of small lakes,
while the larger lakes fragment after partial drainage (Karls-
son et al., 2014). Consequently, an increase in the concen-
tration of dissolved, but a decrease in the low bio-available,
soil organic matter, as well as most trace metals present as
organic and organomineral colloids, can be expected. Based
on the empirical relationships between the size (stage devel-
opment) and concentrations of the trace elements, the aver-
age increase in concentration may range from 200 to 400 %.
Further drainage of these water bodies to the river networks
may significantly increase the contents of the OC, metal nu-
trients and insoluble elements that are delivered from this in-
land wetland zone to the Arctic Ocean.
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