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We determine Hg concentrations of various deposits in Siberia’s deep permafrost and link
sediment properties and Hg enrichment to establish a first Hg inventory of late Pleistocene
permafrost down to a depth of 36m below surface. As Arctic warming is transforming the ice-
rich permafrost of Siberia, sediment is released and increases the flux of particulates to the Arctic
shelf seas through thawing coasts, lakeshores, and river floodplains. Heavy metals within soils
and sediments are also released andmay increasingly enter Arcticwaters and the biological food
chain. High levels ofmercury (Hg) have been reported from shallow soils across the Arctic. Rapid
thawing is now mobilizing sediment from deeper strata, but so far little is known about Hg
concentrations in deep permafrost. Here, forty-one samples from sediment successions at
seven sites and of different states of permafrost degradation on Bykovsky Peninsula (northern
Yakutian coast) and in the Yukechi Alas region (Central Yakutia) were analyzed for Hg, total
carbon, total nitrogen, and total organic carbon as well as grain-size distribution, bulk density,
and mass specific magnetic susceptibility. We show average Hg concentrations of 9.72 ±
9.28 μg kg−1 in the deep sediments, an amount comparable to the few previous Arctic
studies existing, and a significant correlation of Hg content with total organic carbon, total
nitrogen, grain-size distribution, and mass specific magnetic susceptibility. Hg concentrations
are higher in the generally sandier sediments of the Bykovsky Peninsula than in the siltier
sediments of the Yukechi Alas. The ratio of Hg to total organic carbon in this study is 2.57 g kg−1,
including samples with very low carbon content. We conclude that many deep permafrost
sediments, some of which have been frozen for millennia, contain elevated concentrations of Hg
and the stock of Hg ready to be released by erosion is of significance for the Arctic ecosystem.
The Hg mobilized may accumulate on the way to or in the shallow sea, and where it enters into
active biogeochemical cycles of aquatic systems it may concentrate in food webs. Our study
highlights the need for better understanding Hg stocks and Hg release from permafrost.
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INTRODUCTION

Climate change and thus environmental transitions have an
enormous impact on polar regions (Schuur et al., 2008; Jones
et al., 2020) and their local populations (Ramage et al., 2021).
This study focuses on a very sensitive part of the terrestrial
Arctic: Ice-bearing deposits in Yedoma permafrost
landscapes, tens of meters thick. Yedoma landscapes are
characterized mostly by fine sandy to silty, ice-rich
deposits of late Pleistocene age. They occur in areas that
were not glaciated during the last ice ages and accumulated
sediments for thousands of years (Kostyukevich, 1993;
Grosse et al., 2013; Strauss et al., 2013). Syngenetic ice
wedges and intrasedimentary ice are characteristic for
Yedoma deposits (Grosse et al., 2013). The frozen
sediment layers have preserved organic matter (OM) and
associated contaminants, generally acting as an organic
carbon (OC) sink (Lindgren et al., 2018; Walz et al., 2018).

Since the late 1970s, permafrost temperatures have increased
between 0.5 and 2°C worldwide (Larsen et al., 2014; Biskaborn
et al., 2019); the deep and ice-rich Yedoma permafrost from the
late Pleistocene is suggested as a major source of greenhouse gas
emission when it thaws (Schuur et al., 2015; Strauss et al., 2017).
Besides climate relevant substances such as methane and carbon
dioxide, other freeze-locked elements and compounds will also be
released as permafrost degrades. Among these are nutrients
(Beermann et al., 2015) but also harmful contaminants, such
as heavy metals, including mercury (Hg).

Hg is a natural element of the lithosphere and its primary
mechanism of mobilization and release to the environment is
through volcanism, as well as via weathering and erosion of
continental rock (Streets et al., 2011). Its distribution through
the atmosphere and hydrosphere also allows its uptake in
ecosystems. Such Hg can then be re-emitted (secondary
emission) via soil respiration, biomass incineration, and
oceans (gas exchange or as aerosolized droplets from sea
spray-wind interaction) (Driscoll et al., 2013).
Anthropogenic sources are more diverse but they have
augmented the hemisphere-wide natural flux immensely
(Pirrone et al., 2009; Streets et al., 2011) and Hg
concentration in atmospheric deposition has increased
threefold since industrialization (Driscoll et al., 2013). Hg
deposition is usually in the form of inorganic Hg2+ complexes
(Schroeder and Munthe, 1998; Xin et al., 2007). When Hg
binds to OC, it is incorporated into the carbon cycle and can
travel among several carbon pools. The storage of Hg in OC
has increased by approximately 20% since pre-industrial
times (Smith-Downey et al., 2010). Especially the Arctic
tundra and its uptake of gaseous Hg0 during summer
months is suggested to be a globally important Hg sink
(Obrist et al., 2017). The role of plants in the
accumulation of atmospheric Hg in permafrost soils has
been stressed in a number of recent studies (Jiskra et al.,
2019; Obrist et al., 2017; Olson et al., 2019). Non-vascular
plants such as mosses and lichens have been shown to take up
large amounts of atmospheric Hg (Olson et al., 2019). This
looks to be one major explanation for the elevated Hg

concentrations found in permafrost soils as compared with
soils from lower latitudes (non-permafrost soils). The
accumulation of Hg in permafrost soils has occured over
the course of millennia (Obrist et al., 2017).

Organomercury compounds are liposoluble and penetrate
biological membranes easily (Carneado et al., 2015). The most
hazardous and neurotoxic form of organomercury is methylated
Hg (MeHg) (Schroeder andMunthe, 1998), in particular CH3Hg+

(monomethylmercury). Themethylation process is mainly driven
by bacteria (biogenic) and occurs generally under reducing
conditions that usually occur in wetlands, waterlogged
sediments, coastal shallow water zones, and upper ocean layers
(Driscoll et al., 2013). Water-saturated unfrozen soils in the
Arctic permafrost region offer similar conditions. The
increasing disposability of nutrients and the rise of microbial
activities in thawing permafrost therefore lead to augmented
methylation of the available Hg, particularly in water
surroundings (MacMillan et al., 2015; St. Pierre et al., 2018).
In light of the high toxicity of organomercury compounds (Ha
et al., 2017) there is a need for improving our understanding of
Hg pools to help constrain the hazard potential to human health
posed by Hg liberation through arctic climate change.

Other studies (Burke et al., 2017; Obrist et al., 2017; Schuster
et al., 2018) highlight the importance of elevated Hg
concentrations in Arctic soils and thermokarst lake sediments,
but to date insufficient data are available for the Russian Arctic
(Lim et al., 2020), especially for deep deposits of the Yedoma
landscape which degrades with ongoing climate warming.
Current estimates of potential Hg release with ongoing
permafrost thaw are based almost entirely on data from
shallow (top one to three m) sediments (e.g., Schuster et al.,
2018; Lim et al., 2020; Schaefer et al., 2020) but climate driven
transformation processes in Yedoma regions affect also deeper
sediment layers (Schirrmeister et al., 2020).

Our study aims to estimate Hg quantities in deep permafrost
from a Yedoma-dominated landscape. The objective of this paper
is a first examination of Hg at depth to enable a rough risk
assessment in terms of future Hg release to Arctic ecosystems. We
determine Hg in seven deep cores from two Siberian permafrost
regions: 1) the Bykovsky Peninsula southeast of the Lena Delta
near the city of Tiksi, and 2) the Yukechi Alas, 50 km southeast of
the city of Yakutsk. Our set of cores includes permafrost at
different stages of degradation, from varying sedimentary
origins, and with differing periglacial properties. We explore:
1) if Hg concentrations in deep permafrost soils of Yedoma
landscapes differ from those of shallow levels, and 2) to what
extent permafrost landscape features (late Pleistocene permafrost
vs. Holocene permafrost, lake or lagoon deposits vs. dry Alas or
Yedoma deposits) show distinct Hg patterns.

STUDY AREA

To enable comparison of different states of permafrost
degradation in Holocene and late Pleistocene (104–105 years
old) deposits, two study sites on the Lena River in Siberia,
Russia were chosen (Figure 1A): the Bykovsky Peninsula to
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the north (Figure 1B) and the Yukechi Alas about 1,000 km
further south (Figure 1C). Within each site, sediment cores from
different permafrost landscape elements were selected and
sampled (see also Supplementary Figure A).

Yukechi Alas
The Yukechi Alas is located within the zone of continuous
permafrost and about 50 km southeast of Yakutsk, the capital
of the Sakha Republic (Yakutia). The region of Central Yakutia is
dominated by alluvial and lacustrine accumulation on the right
bank of the Lena River (Figure 1A) (Soloviev, 1973). Large parts
of the Central Yakutian lowland remained unglaciated during the
late Pleistocene, allowing aggradation of massive silty and sandy
deposits under cold conditions, forming Yedoma. Today, large
syngenetic ice wedges up to 50–60 m in height underlie between
30 and 60% of the massive alluvial terraces (Kostyukevich, 1993;
Brouchkov et al., 2004). Alas landscapes appear as result of
thermokarst processes, where ground ice or frozen soil thaws
extensively. This leads to permafrost degradation and surface
deformation since the Holocene (Soloviev, 1973). Part (D) of
Figure 1 shows some typical thermokarst landforms in Central
Yakutia: Alas lakes (3) and drained Alas basins (4), surrounded by
the older Yedoma landscape of mid to late Pleistocene age (2).
The Yedoma landscape at the Yukechi study site also contains
lakes, sometimes with thawed talik layers below (1) and vertical

soil displacements caused by melting ice wedges (not numbered).
The Lena River and shallow thermokarst lakes are the most
important water sources for the local population because
permafrost inhibits upwelling of ground water (Fedorov and
Konstantinov, 2003). The Lena River and its tributaries are
also the main sediment supplier of this area. The study site is
at 200–220 m above sea level (a.s.l.) and local relief between
Yedoma upland surfaces and the Yukechi Alas basin floors is
10–15 m. Several Alas generations with a depth of 8–10 m occur
and are dominated by thermokarst lakes and flat plains (see
Supplementary Figure B(A)). New lakes and depressions
develop continuously as a result of active thermokarst
processes (Fedorov and Konstantinov, 2003). Newly formed
taliks (perennially unfrozen areas in the permafrost realm)
below young thermokarst lakes in Yedoma uplands (Fedorov
et al., 2014; Ulrich et al., 2017; Ulrich et al., 2019) are also
indicative of ongoing thaw processes.

The Yukechi Alas is situated within the taiga biome with larch
forests interspersed with pine and birch, a well-developed shrub
layer (willows, alder, rose, various Ericaceae) and often well-
developed moss layers dominating on Yedoma uplands. The
studied alas itself has azonal grassland vegetation, in which
non-vascular plants (mosses, lichens) play a minor role, except
along the shores and in shallow parts of alas lakes. The regional
vegetation has been influenced by anthropogenic clearing of

FIGURE 1 |Drilling location overview (A) and details of the study sites at Bykovsky Peninsula (B) and the Yukechi Alas in Yakutia (C); environmental sketch of study
sites and different states of permafrost degradation in Siberia (D). The numbers indicate: 1) Yedoma upland: unfrozen zone in Yedoma permafrost (talik), 2) late
Pleistocene Yedoma (frozen), 3) Alas basin: talik below thermokarst lake (unfrozen), 4) drained lake basin, 5) Thermokarst setting: talik below thermokarst lake (unfrozen),
6) lagoonal setting: talik below seawater-flooded thermokarst basins (unfrozen). The triangle symbols in Figures 1B,C indicate the location of the single drilling sites
in the orthophotos.
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forest and use of alas grasslands for pasture and agriculture
during the 20th century (Crate et al., 2017) and a high natural
fire frequency throughout the Holocene (Katamura et al., 2009).
The current larch and pine forests and surface fire regime have
been present in the region for at least 6,500 years (Katamura et al.,
2009), and alas depressions have started to develop around the
same time (Ulrich et al., 2017).

Bykovsky Peninsula
The Bykovsky Peninsula is located southeast of the Lena River
Delta (Northern Yakutia). This area is also characterized by
widespread Yedoma and thermokarst landscapes. The latter
include brackish lakes close to the seashore and lagoons
(Figure 1(D5,D6)). The peninsula is elongated in the NNW-
SSE direction, is part of a late Pleistocene coastal plain, and
represents a typical setting for the coastal lowlands of the Laptev
Sea (Grosse et al., 2005). The local topography of the peninsula
varies from 0 m up to 45 m a.s.l. (Schirrmeister et al., 2018) and
the total length of the shoreline is about 150 km. Cliffs and low-
lying thermokarst basins are the typical backshore coastal
landforms. Thermokarst basins resulting from thawing of ice-
rich permafrost cover about 46% of the peninsula (Grosse et al.,
2005) and will prospectively transform into lakes and lagoons (see
Supplementary Figure B(B)). Within the basins, ice-wedge
polygonal structures can easily be detected from remote
sensing imagery (Grosse et al., 2005; Schneider et al., 2009;
Strauss et al., 2018). Some cliffs are relatively stable and
covered by vegetation; others are near vertical, reaching tens
of meters in height, and often expose large syngenetic ice wedges
and ice-rich Yedoma deposits. In general, the deposits of the
Bykovsky Peninsula are poorly sorted sandy silt (Schirrmeister
et al., 2002; Strauss et al., 2018; Schirrmeister et al., 2020) with
frequent intercalations of peat and paleosols (Lantuit et al., 2011).
Many retrogressive thaw slumps and thermokarst basins indicate
the degraded state of the permafrost (see Supplementary Figure
B(C)). Subaquatic permafrost exists on and around the peninsula
and undergoes complex thaw processes (Overduin et al., 2016).
Recent transitions from thermokarst lakes to lagoons in this area
and consequent talik dynamics are described by Angelopoulos
et al. (2020).

This study site is situated in the tundra biome, with dwarf
shrubs, sedges, grasses, and herbs growing above a well-developed
moss layer. Lichens are present, but usually do not have a high
cover. In contrast to the region around Yukechi Alas, the regional
vegetation on Bykovsky Peninsula has not been subjected to
anthropogenic land use and has been less impacted by fires
throughout the Holocene (Nitze et al., 2018).

MATERIALS AND METHODS

Sediment Cores and Subsampling
For this study, we investigated sediment cores from each of the
landscape elements that are numbered in Figure 1D to gain
insight into different permafrost degradation states. Winter
fieldwork in the Yukechi Alas was conducted in March 2015.
We drilled four sediment cores with a drilling rig (Geotechnika

URB 4T) from lake ice or ground surface to depths between 19.80
and 22.35 m. For Hg analyses, we took five to seven subsamples
from each core (Table 1). The YU-L7 sediment core (total length:
17.7 m) derives from a small residual Alas lake located within the
Yukechi Alas basin (Figure 1(D3)). Here, we took five
subsamples. Depth is given as depth below surface and
includes lake depth. The sediment core starts at 2.30 m below
the lake-ice surface (b.l.s.). Another five subsamples were taken
from the YU-L15 sediment core (total length: 17.06 m) beneath a
young thermokarst lake on late Pleistocene Yedoma deposits
(Figure 1(D1)). The top of the sediment is at 4.40 m b.l.s. At
22.35 m YED-1 is the longest of all Central Yakutian cores. We
drilled into the dry Yedoma surface surrounding the Yukechi Alas
(Figure 1(D2)) and investigated seven subsamples of this core.
The ALAS-1 sediment core came from the dry bottom of the
Yukechi Alas center (Figure 1(D4)). This core has a total length
of 19.80 m and five subsamples were taken. Except for YED-1,
some core loss occurred in all cores where unfrozen sediment was
encountered; e.g. in ALAS-1, material was lost in the upper part
between 2.25 and 9.34 m below surface (b.s.). Detailed
stratigraphic descriptions of the YU-L7 and YU-L15 cores are
available in Jongejans et al. (2021); Ulrich et al. (2021). Detailed
stratigraphic descriptions of the terrestrial cores can be found in
Windirsch et al. (2020).

In April 2017, we drilled three 27.45–32.30 m long cores on
Bykovsky Peninsula with an URB 4T drilling rig. Two of the cores
originate from thermokarst lagoons (Figure 1(D6)), while the
third originates from a thermokarst lake (Figure 1(D5)) (Strauss
et al., 2018). PG2410 contains sediment from below the 1.20 m
deep Uomullyakh-Kyuel Lagoon and is 32.30 m long. Here, we
analyzed seven subsamples. PG2411, a sediment core from below
the 3.30 m deep Polar Fox Lagoon, has a total length of 27.45 m
and we took six subsamples. Uomullyakh-Kyuel Lagoon is a
former thermokarst lake and due to coastal erosion is now part of
the coastline. Polar Fox Lagoon is a partially drained thermokarst
lake close to the coastline. A channel has developed allowing
exchange with sea water (Angelopoulos et al., 2020). The third
north Yakutian core, PG2412, is the longest of all cores and it
comes from the thermokarst lake Goltsovoye. Its total length is
31.55 m and it starts at a depth of 5.10 m b.l.s. We also
investigated six subsamples of this core. Figure 2 gives
another schematic overview of all seven core locations,
complemental to Figure 1.

The cores were cryolithologically described in the field,
wrapped in foil, and stored frozen in thermo-boxes. We kept
all core material frozen during transport and storage and cores
were sampled at a temperature of −10°C in the cold chamber in
Potsdam. We cut the cores in half using a band saw and cleaned,
photographed, described, and sampled them approximately every
3 m except where nomaterial was available or visible stratigraphic
changes occurred. Sediment columns of 5–10 cm thickness were
sampled for analyses and the center depth of each column is given
as sample depth. To avoid contamination, nitrile gloves were used
during subsampling and the outermost few millimeters of the
sediment columns sampled were removed using a ceramic knife.
The samples were stored in plastic sample bags, covered with lint-
free cloth to avoid contamination and freeze-dried in a Zirbus
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Sublimator 3-4-5. Afterwards, we split the samples for
homogenization with a planetary mill (FRITSCH pulverisette
5) in agate jars and non-destructive analyses, like determining
grain-size distribution. In total, we took 41 samples. Further
details on the stratigraphic successions and sampling procedures
can be found in Strauss et al. (2018), on Goltsovoye Lake
(PG2412) in Jongejans et al. (2020), and in Jenrich et al.
(2021) for the lagoon locations (PG2410 and PG2411).

Biogeochemical Parameters
Soil Total Mercury
We determined the soil total mercury (STHg) in solid material by
thermal decomposition, amalgamation and atomic absorption
spectrophotometry using a Direct Mercury Analyzer (DMA-80;
MLS GmbH). The solid samples are combusted at about 750°C
under a flow of oxygen, and the Hg in the off-gases is trapped as
amalgam on a gold sieve. In a subsequent step, Hg is released and
its amount is determined by atomic absorption spectroscopy.
IAEA 456, a marine sediment, was used as reference material, six
times within two consecutive days of measurement. The detection
limit of the most sensitive cuvette was <0.003 ng. For each
sample, we measured STHg at least three times and up to six
times if the results showed larger variations. Relative standard
deviation of the replicates ranged from 0.4 to 11.7%, with a
median of 3.0% and a mean of 3.7%.

Hg species (Hg0, Hg2+, CH3Hg+) were analyzed in three
samples with higher Hg content using gas chromatography
with atomic emission detection (GC-AED) as described in
Frohne et al. (2012).

Carbon and Nitrogen
For the measurement of total carbon (TC) and total nitrogen
(TN), we put 5.0–5.8 mg of the homogenized sample material
into zinc capsules, added tungsten oxide for better combustion
and put them in the catalytic tube of an element analyzer
(Elementar Vario EL III). We used empty capsules for
background detection and included reference standards every
30 measurements to ensure correct results. The device has a
specific accuracy and a detection minimum of 0.1 wt%.

TOC was determined using pyrolysis, the thermo-chemical
fission of organic compounds, with pure nitrogen (99.996%) as
carrier gas and an Elementar varioMAX CAnalyzer.Wemeasured
different glutamic acids as reference material as well as empty
containers at the beginning and always after 30 measurements for
background determination. Wemeasured TC, TN, and TOC twice
per sample and calculated total inorganic carbon (TIC) content as
the difference between TC and TOC.

Sedimentological Methods
Dry Bulk Density
Bulk density ρb is the ratio of mass to volume of the dry sample
and is a standard parameter for soil description. ρb of ice-
saturated sediment was determined following Strauss et al.
(2012) for all samples with a water content of more than
20 wt% (� “water saturated”).

Mass Specific Magnetic Susceptibility
The mass specific magnetic susceptibility (MS) is a frequently
used stratigraphic parameter and allows detecting variations of

TABLE 1 | Sedimentary cores, location detail, and corresponding landscape elements (Figure 2).

Sample ID Landscape unit Coordinates Core depth below
surface (m.b.s.)

No of subsamples

YUK15-YU-L7 Alas lake in a drained lake basin 61.76397°N, 130.46442°E 20.00 5
YUK15-YU-L15 Yedoma lake of first generation 61.76086°N, 130.47466°E 21.46 5
YUK15-YED-1 Dry Yedoma hill 61.75967°N, 130.47438°E 22.35 7
YUK15-ALAS-1 Dry Alas center in a refrozen drained lake basin 61.76490°N, 130.46503°E 19.80 5
BYK17-PG2410 Deposits under brackish water of the flooded

Uomullyakh-Kyuel Lagoon
71.730,869°N, 129.274,831°E 33.50 7

BYK17-PG2411 Deposits under brackish water of the flooded
Polar Fox Lagoon

71.74303°N, 129.3383°E 30.75 6

BYK17-PG2412 Sediments from Goltsovoye Lake
(thermokarst) and talik below

71.74515°N, 129.30217°E 36.65 6

FIGURE 2 | Schematic overview of coring locations (Table 1). Left: Yukechi Alas; bottom positions (YU-L7 and ALAS-1) below the dry Yedoma permafrost surface
and top positions (YU-L15 and YED-1) with both terrestrial and thermokarst lake cores. Right: Bykovsky Peninsula; PG2410 and PG 2411 from lagoonal open water
bodies, and PG2412 from a thermokarst lake.
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magnetic minerals within sediment layers. WemeasuredMS with
a Magnetic Susceptibility Meter (Bartington Instruments MS2,
Sensor Type MS 2B) on the freeze-dried samples with a frequency
of 0.465 kHz. MS is given as x10−8 m3 kg−1.

Grain Size
The grain-size distribution is a central sedimentological
parameter. In general, trace elements are expected to be
enriched in finer sediments (e.g., Martin and Meybeck, 1979;
Mwamburi, 2003). Prior to grain-size analyses, we removed all
organic remains by using hydrogen peroxide. The samples were
sieved for particles >1 mm and for analyzing the finer fraction a
laser particle sizer (Malvern Mastersizer 3000) was employed and
tetrasodium pyrophosphate was used for grain dispersal. Size
distributions and other statistical parameters were calculated after
Folk and Ward (1957) using GRADISTATv8 (Blott and Pye,
2001) for particles <1 mm; when particles >1 mm were included
R studio was used.

Statistical Analyses
We carried out all statistical analyses using R studio (RStudio
Team, 2020). To test a correlation between STHg and TOC, TIC,
TN, clay content, silt content, sand content, and MS, we used the
Spearman rank correlation coefficient (rs). This is a non-
parametric procedure, not requiring a linear relationship
between variables (Zar, 2005). The correlation is considered
weak for rs < 0.3, moderate for 0.3 < rs < 0.5 and strong for
rs � 0.5 or above. The decisive level of significance (α) was 0.01.

Our second research question implies two null hypotheses:
There are no significant differences in STHg accumulation
between Holocene and late Pleistocene landscape elements
(H0,1) or between both study areas (H0,2). To test these, a
Mann-Whitney U test for paired nonparametric data (Nachar,
2008) was performed. Here, a hypothesis is to be rejected when α
exceeds 0.05.

RESULTS

In addition to the specific descriptions below, we listed a full set of
sedimentological and chemical results in the appendix and they
are plotted for each core as multiplots (Supplementary Figure
C). Throughout the following, the given variability measures are
the standard deviation.

Biogeochemistry
Soil Total Mercury
The mean Hg concentration of all samples is 9.72 ± 9.28 μg kg−1.
The minimum value of 0.86 ± 0.09 μg kg−1 was detected in YU-
L15 (12.42 m b.s.), the maximum concentration of 34.52 ±
4.02 μg kg−1 in PG2411 (7.35 m b.s.). Concentrations clearly
differ between the two study areas. Within each area there are
no obvious patterns related to the landscape units studied.

At Yukechi, the arithmetic mean Hg concentration of all
samples is 5.21 ± 3.66 μg kg−1. Below 5 m the STHg
concentration shows a similar trend in cores YU-L7, YU-L15,
and YED-1 (Figure 3) with decreasing concentrations from 25 to
10 m depth and then increasing above. ALAS-1 shows values in
the same range, between 0 and 10 μg kg−1, but a slightly different
pattern. We selected the cores to represent different landscape
units and thus the similarity in Hg patterns shows no significant
dependence on present day environment.

With a mean of 14.95 ± 10.94 μg kg−1 the STHg concentration
in sediments from the Bykovsky Peninsula is higher compared to
Yukechi, with values up to 34.52 μg kg−1, and shows a wider
range. Values generally increase towards the surface (up core;
Figure 3). One sample from the lower part of PG2412
(33.85 m b.s.) shows a noticeably high STHg value. It
originates from the vicinity of an organic rich deposit (wood
remains; see Supplementary Figure A). Particularly in PG2411
an abrupt increase in STHg concentration above the transition of
late Pleistocene sand to Holocene silt is apparent (see Figure 3

FIGURE 3 | Soil total Hg concentration plotted against depth for all seven cores investigated. H, Holocene; LP, late Pleistocene. Further information on lithology
(grain size, frozen or unfrozen) can be found in Supplementary Figure A.
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and Supplementary Figure A); the increase is less in PG2010 and
PG2412.

The values plotted in Figure 3 display the mean of all STHg
measurements per sample. The standard deviation ranged from
0.04 to 4.02 μg kg−1 (0.4–18.9%) but this deviation plots within
the symbol size for most samples and is therefore not shown.

The Hg speciation analysis (Hg0, Hg2+, MeHg+) in three
samples with relatively high Hg concentrations (all from the
Bykovsky Peninsula) revealed that, as expected, all detectable Hg
is in the form of Hg2+. Still, the presence of methylated species in
regularly thawing near-surface layers of terrestrial cores (YED-1,
ALAS-1) cannot be excluded.

Total Carbon, Total Nitrogen, and Total Organic
Carbon
TC, TN, and TOC concentrations are listed in Table 2 (see also
Supplementary Table A and Supplementary Figure C). Distinct
differences in TC, TN, and TOC are visible between both study
regions whereas environmental setting or state of permafrost
degradation within a region seem less important. The general
down core trends at Yukechi show decreasing values in the upper
half and increasing values below, whereas the TC, TN, and TOC
values decrease with depth in the cores from Bykovsky Peninsula.
TN and TOC values for samples below detection limit (<0.1 wt%)
were assumed to be 0.05 wt%. The trend of TIC with depth is less
consistent within the study areas.

Sedimentology
Lithology, Water Content, and Bulk Density
Detailed descriptions of sediment characteristics for Yukechi can
be found in Jongejans et al. (2020); Windirsch et al. (2020); Ulrich
et al. (2021). In brief, the sediment cores analyzed revealed
different types of permafrost including Yedoma deposits (silty
sediment from the late Pleistocene), thermokarst sediments,
fluvial sediments (sandy sediments from the late Pleistocene
and Holocene), lake/lagoon sediments, and alas deposits.

Sediments recovered by coring from the Yukechi Alas showed
the following characteristics: Core YU-L15 reveals silty to silty-
sand Ice-Complex deposits of late Pleistocene age (Ulrich et al.,
2021). Sediments of the YU-L7 core were unfrozen when
recovered and contain predominantly silt with clay and sand
beds in places. Core YED-1 contains silty and sandy layers and
was largely frozen when recovered. Part of an ice wedge is present
between 7 and 10 m b.s. while the lowest meter of the YED-1 core
is characterized by dense horizontal micro ice lenses. The ALAS-1
core is characterized by unfrozen silt to silty sand in the upper half
and frozen silt below. The ALAS-1 core revealed a frozen organic

layer more than half a meter thick at the top. Ice lenses up to
3 mm thick were found throughout the core.

Core PG2410 revealed three frozen layers. The upper 8 m
consist of dark grey to black silt, with layers of coarse sand
intercalated. The rest of the core contains greenish grey to
medium grey sand with individual pebbles in the depth
interval 9–14 m b.s. The second core from a lagoon, PG2411,
contained prominent gravel up to 4 cm in diameter in a coarse-
grained section between about 22 and 28 m b.s. Smaller pebbles
can be found throughout. Detailed descriptions of the sediment
characteristics of these two lagoon cores can be found in Jenrich
et al. (2021). The mostly unfrozen sediment core PG2412 shows
alternating fine, medium, and coarse sand layers, with pebbles in
places. An organic layer with macroscopic wood remains was
recovered between 34 and 35 m b.s. The range of water contents
and mean dry bulk density (for water saturated samples only) are
listed in Table 3.

Mass-Specific Magnetic Susceptibility
MS values show similar trends in all cores from the Yukechi Alas
with variable values throughout each core, but the general trend
increases from the top to the middle of the cores and decreases
from the middle to the bottom. The highest MS of all Yukechi
cores was measured in the ALAS-1 core at a depth of 14.75 m b.s.
with a value of 257 × 10−8 m³ kg−1, the minimum was 56 ×
10−8 m³ kg−1 in YU-L7 (5.00 m b.s.).

At Bykovsky Peninsula most of the sediments of PG2410,
PG2411, and PG2412 show a MS lower than 50 × 10−8 m³ kg−1.
Maximum values occur in a depth range between 26.60 and
33.30 m b.s. The highest MS of 234 × 10−8 m³ kg−1 was measured
in PG2410 at 33.25 m b.s.; the lowest MS was 20 × 10−8 m³ kg−1 in
PG2412 (33.85 m b.s.).

Grain-Size Distributions
The fine fractions (<1 mm) of all samples show poor to very poor
sorting and a dominance of silty to sandy grain sizes (see
Supplementary Figure D; weight proportions of clay, silt, and
sand, and fractions >1 mm are listed in Supplementary Table B).
In sediment successions from Yukechi, sandy silt is predominant
with mostly unimodal and poorly sorted size distributions.
Sediment sequences from Bykovsky on average show coarser
grain sizes, dominated by sand, more diverse (bi- to polymodal)
size distributions, and very poor sorting. The Bykovsky cores also
reveal fine layers with clay contents up to 18.5%, whereas the
highest clay content in Yukechi sediments is only 9.2%. Particles
>1 mm in diameter were found in all cores from Bykovsky,
predominantly in PG2410 and PG2411 with >10 wt%; just one
sample from Yukechi core YU-L7 contained larger clasts.

Statistical Mann-Whitney U test
The second research question implied two null hypotheses: There
are no significant differences in STHg accumulation between
Holocene and late Pleistocene landscape elements (H0,1) or
between both study areas (H0,2). Based on the Mann-Whitney U
test we reject both null hypotheses. The test for H0,1 revealed W �
223 and α � 0.01. The test for H0,2 resulted in W � 319 and α < 0.1.

TABLE 2 |Mean concentration of TC, TN, TOC, and TIC in the sediment samples
from the Yukechi Alas (22 samples from 4 cores) and the Bykovsky Peninsula
(19 samples from 3 cores).

TC (wt%) TN (wt%) TOC (wt%) TIC (wt%)

Yukechi Alas 1.33 ± 0.69 0.11 ± 0.06 0.63 ± 0.57 0.70 ± 0.41
Bykovsky Peninsula 2.58 ± 2.25 0.16 ± 0.12 2.13 ± 2.22 0.45 ± 1.21
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DISCUSSION

We sought to answer two concrete research questions: 1) Is there
a difference in Hg concentration in deep permafrost soils of
Yedoma landscapes compared to shallow levels? 2) To what
extent can distinct permafrost landscape features (late
Pleistocene permafrost vs. Holocene permafrost, lake or lagoon
deposits vs. dry Alas or Yedoma deposits) be clearly distinguished
in terms of their Hg enrichment?

First, we discuss both questions and then further aspects,
particularly the relation of Hg to TOC, TN and sedimentation
regime. Conclusive, we give an outlook to potentially initiated Hg
dynamics in the Arctic with ongoing permafrost thaw.

Mercury Content Compared to Other Arctic
Studies
We found detectable Hg concentrations in the deep permafrost
deposits from Siberian Yedoma-characterized landscapes. The
number of samples were limited in this study, however, we can
expect them to be unaffected by anthropogenic Hg input. Most of
our samples are of pre-industrial age, as derived from
radiocarbon age determination by Jongejans et al. (2020),
Windirsch et al. (2020) and Ulrich et al. (2021) (see also
Supplementary Figure C). In our study, the STHg
concentration ranges from 0.86 to 34.52 μg kg−1 with a mean
of 9.72 ± 9.28 μg kg−1. The median is 6.38 μg kg−1. This amount is
lower compared to that found in the investigation of Alaskan
near-surface permafrost layers (upper 3 m) described by Schuster
et al. (2018); those samples contained an average of 43 ±
30 μg kg−1 STHg, but were within the same order of
magnitude as our samples. We have only a few subsamples
from a similar depth because we looked more at deep
deposits, so a direct comparison would be insufficient, but the
sediment layers that are closest to the surface revealed also higher
mean STHg concentrations in our study (17.64 ± 10.40 μg kg−1 in
all subsamples from the uppermost 3.5 m). For comparison, 55 ±
11 μg kg−1 were found in near-surface peat cores from permafrost
mires in the Stordalen area (Northern Sweden) and 66 ±
24 μg kg−1 in lake sediments from the same region (pre-
industrial layers in both cases) (Rydberg et al., 2010). Munthe
et al. (2007) found 2-5 fold higher Hg concentrations in recent
lake sediment layers compared to historical ones in Scandinavia.
However, our Yukechi cores also show similar STHg

concentrations in the deepest layers compared to the near-
surface samples, as Figure 3 shows. The uppermost section
from the YED-1 land surface core contains the highest STHg
of this core, while in ALAS-1 (also drilled from the land surface)
this section is unremarkable. Based on our findings, we suggest
that young layers on the land surface, relatively recently affected
by atmospheric deposition, do not necessarily contain strikingly
higher STHg concentrations.

Differences Between the Study Areas
In consequence of our rejected null-hypotheses, we report
that there are differences in STHg concentration with respect
to both geochronology and study location. However, the
difference between the study areas is more pronounced than
between the stratigraphical units as shown by the boxplots
in Figure 4. The Holocene material from Yukechi is similar
to the late Pleistocene material from Bykovsky in STHg, but
much lower than Bykovsky’s Holocene layers. We cannot see
clear differences in Hg concentrations between the different
landscape elements within one study area. For example, the
cores from the Yukechi Alas showed similar trends of Hg
with depth, independent from whether they derived from a
thermokarst lake, a dry alas basin, dry Yedoma surface or a
first-generation lake in Yedoma remains (see Figure 3;
Supplementary Figure C).

TABLE 3 |Water content and dry bulk density for all water-saturated samples of the seven studied sediment cores. Note that water content represents ground-ice content in
the frozen parts of all cores except YU-L7, which was completely unfrozen during drilling.

Water content [wt%] ρb [g/cm³]

Min Max Mean

Yukechi Alas YU-L15 15.70 38.56 1.27 ± 0.16
YU-L7 12.47 22.60 1.43
YED-1 21.34 57.48 1.11 ± 0.29
ALAS-1 15.46 23.51 1.43 ± 0.03

Bykovsky PG2410 9.83 25.64 1.36 ± 0.04
PG2411 9.16 47.74 0.95 ± 0.26
PG2412 14.88 54.35 1.08 ± 0.42

FIGURE 4 | Distribution of the STHg concentration per study site; each
site is divided into Holocene and late Pleistocene samples. The notches
illustrate the 95% confidence around the median (middle line). A bigger
confidence interval than the quartiles causes the ear-like features. The
whiskers show the data range.
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As noticed by e.g., Douglas et al. (2005), Hg enrichment in
Artic areas close to the sea is elevated. Recent studies by St.
Pierre at al. (2015) or Douglas and Blum (2019) show evidence
for this in Arctic soils and snowpacks, respectively. They explain
their findings, inter alia, with the springtime atmospheric Hg
depletion events (AMDEs). Every year during springtime, the
amount of gaseous elemental Hg (GEM) in the air is lower than
usual, particularly along polar coasts. Involving oxidizing
reactions with halogens, the GEM is rapidly deposited to the
environment and therefore vanishes from the atmosphere
(Steffen et al., 2008). As those photochemical processes with
halogen are strongly linked to the Arctic open water areas, the
soil is also characterized by higher Hg enrichment compared to
Arctic inland areas (St. Pierre et al., 2015). Analogous to this, the
Arctic coastal spring snowpack is also enriched in Hg until
snowmelt. The majority of the GEM is re-emitted to the
atmosphere earlier, but about 9–24% are further transported
with spring runoff and, inter alia, deposited to the ground or
uptaken by vegetation (Douglas and Blum, 2019). St. Pierre et al.
(2015) also reported, that lichens in the Canadian Arctic were
highly enriched in Hg compared to underlying soils. As other
non-vascular plants (e.g., moss), lichens take up more Hg than
vascular plants (Olson et al., 2019). Although the surface of
Bykovsky Peninsula is not highly covered with lichens, they are
more present there than in the Yukechi Alas region. Also, the
moss layer on the North Yakutian peninsula is denser developed
than in Central Yakutia, where the landscape is more
anthropogenically influenced. Hg uptaken by non-vascular
vegetation gets incorporated into the soil with ongoing
sedimentation over thousands of years. This, together with
the mentioned correlation of Hg and the proximity to Arctic
open waters supports our findings of higher Hg concentrations
in the North Yakutian sediment, close to the Laptev Sea.
Interestingly the alas sediment core (ALAS-1) does not show
distinctly lower Hg concentrations overall, although non-
vascular plants play little to no role in the current
vegetational cover. However, the uppermost and youngest
investigated layer of the deposits is only half as concentrated
in Hg than compared to the uppermost layer of the Yedoma core
(YED-1) which derives from a more moss-dominated
surrounding. In addition, according to Ulrich et al. (2017)
and Katamura et al. (2009), the development of alas
depressions as well as the current forest and grassland
vegetation is younger than the rest of the investigated layers
in both cores. Therefore, the vegetational influence to Hg
enrichment might have changed over the last 6,500 years in
the Yukechi Alas. Furthermore, natural wild fires occurred
throughout the Holocene until today (Katamura et al., 2009;
Glückler et al., 2021), which also leads to depletion of mercury
in soil surface and vegetation.

Total Mercury/Total Organic Carbon Ratio
In modern literature, the ratio of STHg/TOC (RHgC) is used for a
first rough estimation of the Arctic Hg reservoir. TOC data are
available for several areas in the Arctic zone (e.g., Schuster et al.,
2018; Lim et al., 2020) and it has been shown that Hg strongly
correlates with OM (Sanei et al., 2012; Lim et al., 2019). Our data

also show a strong positive correlation between STHg and TOC
(rs � 0.78, p < 0.01).

Schuster et al. (2018) found a median RHgC of 1.6 μg Hg g C−1

in Alaskan Arctic shallow permafrost soils to a depth of three m.
Therefore, they estimated the permafrost region of the Northern
Hemisphere to contain twice as much Hg as all other soils, the
atmosphere, and the ocean combined. Lim et al. (2020) suggest a
lower value for the Northern Hemisphere Hg pool, based on
studies in the Western Siberian lowlands. They calculated a lower
median RHgC of 0.19 Gg Hg Pg C−1 for organic soils and
0.63 Gg Hg Pg C−1 for mineral soils.

We calculate a total RHgC mean for all samples of
2.57 μg Hg g C−1. This observation could lead to the
assumption of a larger Arctic STHg pool (at least when
including deeper permafrost deposits) than suggested by
Schuster et al. (2018). Excluding all samples with TOC below
detection limit (we assumed a value of 0.05 wt%), the mean RHgC

becomes considerably lower, namely 0.77 μg Hg g C−1.
Charbonnier et al. (2020) point out that this ratio must be
interpreted carefully because post-depositional degradation of
OM does not necessarily affect the Hg concentration, which could
lead, in turn, to a misleadingly high STHg/TOC ratio. Giesler
et al. (2017) also state that a higher RHgC value can indicate an
increase in post-depositional OM decomposition, but that the
latter is, in turn, also linked to the enrichment of Hg in soil as a
by-product.

Because our two study sites show clear differences in STHg/
TOC as well, we are skeptical about this method for a pan-Arctic
Hg reservoir estimation. Across the cores from the Bykovsky
Peninsula, the mean RHgC is 2.02 μg Hg g C−1 with a clearly
visible correlation between Hg and TOC (Figure 5A); it is
higher for the Yukechi study site (3.05 μg Hg g C−1), but with
no correlation (Figure 5B). In general, we assume that OM
decomposition, weathering, and biological activity are
significantly reduced in the frozen Yukechi sediments, but the
higher RHgC might also be caused by the higher number of
samples from this study site with TOC below detection limit.

Our number of samples and study sites is limited compared to
the whole Arctic region. Nonetheless, if we combine our mean
RHgC of 2.57 μg Hg g C−1 with the estimation of the OC pool in
the Siberian Yedoma regions (211 Gt OC stored in the frozen
deposits; Strauss et al. (2013)), we could estimate a total STHg
pool of approximately 542 gigagram (1 Gg � 10⁶ kg � 1,000 t) in
those areas. Lim et al. (2020) suggest a similar pan-Arctic
permafrost Hg pool of 597 Gg (384–750 Gg) in the upper 3 m.
Further studies could refine those findings.

Our statistical test revealed a non-significant weak negative
correlation between STHg and TIC (rs � -0.18, p � 0.24).
Therefore, we disregard TIC in our further discussion.

Sedimentation Regime as Potential
Controlling Factor
Grain-size distribution reveals information about transport and
sedimentation regimes and might allow conclusions about
depositional conditions. Strauss et al. (2012) established an
interpretation of grain-size distribution diagrams from
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Yedoma environments in terms of sedimentation regimes. Every
peak in the curves is caused by a different deposition process. A
sand maximum, for example, indicates a higher energy level
during transport, because a certain energy level is needed to
transport coarse particles. We found a distinct maximum in the
sandy regime in all samples from the Bykovsky Peninsula and the
Yukechi study site. The bi- to multi-modal grain-size
distributions (see Supplementary Figure D) suggest that more
than one process influenced sediment transport and deposition,
which is typical for Siberia’s deep ice-bearing permafrost deposits
that developed under a very cold and highly continental climate
(e.g., Schirrmeister et al., 2011; Strauss et al., 2017). Based on
grain-size distribution, the aeolian and alluvial/fluvial transport
and depositional processes seem to dominate in these study areas,
which is consistent with the findings of Strauss et al. (2012).
Schirrmeister et al. (2020) support the hypothesis of polygenetic
sedimentation regimes in those types of landscapes, involving
alluvial, fluvial, and aeolian transport, in situ frost weathering, as
well as post-depositional processes.

Water and air fluxes are also suggested to be the main
transport media of Hg2+ from uplands (watershed area) to
reducing zones (wetlands, coastal areas, etc.). Even if the
transport by riverine fluxes might be small on a global scale, it
can be a substantial pathway in coastal areas (Driscoll et al., 2013;
Zolkos et al., 2020).

Although the material of the Bykovsky cores is sandier on
average, it is also more poorly sorted and contains more clay. This
has an impact on the STHg, as well. As Figure 6A shows, there is a
positive correlation between STHg and clay content (rs � 0.58, p <
0.01). This is in accordance with most statements in literature
about elemental deposition in sediments and can be explained by
the increased specific surface area and the structural properties of
clays (Whitney, 1975; Zonta et al., 1994) as well as ionic charge

(clay´s net charge is often negative (Barton and Karathanasis,
2002) which allows binding to positive Hg ions, as for example
Hg2+). On the contrary, the Spearman test revealed a weak but not
significant correlation for STHg vs. silt content (0.3, p-value >
0.01) and a moderate negative correlation for STHg and sand
content (−0.47, p-value < 0.1). Figure 6B shows that the
correlation of mean grain size and STHg is negative
exponential. In consequence, STHg increases with finer mean
grain size, or higher clay content. This leads us to the statement
that in the finer-grained and more organic-rich Holocene
sediments, Hg is significantly enriched. The siltier sediment in
Yedoma landscapes tends to contain less Hg. Still, we found
comparable levels of Hg in late Pleistocene sediments, too, but
always accompanied by elevated TOC levels.

Our results showed that an enhanced MS (100 × 10−8 m³ kg−1

and above) is accompanied by relatively low STHg and vice versa
(see Figure 6C). Spearman’s rank correlation coefficient with
subsequent significance testing revealed a strong negative
correlation of −0.71 (p < 0.01). The correlation between MS
and heavy metal concentration (not only in Arctic regions) has
already been discussed, by e.g., Hanesch and Scholger (2002);
Schmidt et al. (2005); Wang and Qin (2005). These results
indicate that the correlation of heavy metals with MS is
variable, presumably dependent upon the minerals present.
Because there are mostly anaerobic and thus reducing
conditions in these predominantly deep permafrost deposits
and additionally low signals for MS, less oxidized minerals
might dominate here. In contrast, more oxidized minerals are
expected to be found in samples with higher MS and thus under
less reducing conditions (Mullins, 1977). This observation might
suggest that less oxidized minerals (in a reducing Arctic
environment) are associated with enhanced STHg
concentration. Even though the reduction of Hg2+ results in

FIGURE 5 | Plot of STHg vs. TOC, (A) for all samples from the Yukechi Alas with a RHgC of 3.05 μg Hg g C−1 but no clear correlation; (B) for all samples from the
Bykovsky Peninsula. The correlation is positive with a RHgC of 2.02 μg Hg g C−1. The equations of the linear regressions and the R2 are given in color: Holocene is the
black dashed line, late Pleistocene is grey.
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FIGURE 6 | Correlation of STHg with (A) clay: A positive correlation occurs between clay content and STHg concentration; (B) mean grain size: The correlation
between the mean grain size and STHg is clearer in the Yukechi Alas than on Bykovsky Peninsula, caused by sorting quality. Grain-size distribution is better sorted in the
Yukechi Alas; (C) MS: The correlation here is negative in general but, again, clearer in the Yukechi Alas. The equations of the linear regressions and the R2 are given in
color: Holocene is the black dashed line, late Pleistocene is grey. The legend given in (A) is the same in (B) and (C).
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volatile elemental Hg0, a loss of STHg via volatilization is only
probable for topsoil layers interacting with the atmosphere.
Nonetheless, because an enrichment of Hg or less degradation
under anaerobic conditions is unlikely, we cannot give a reliable
reason for the observed negative correlation of MS and STHg in
this study without further investigations.

Correlation of Total Mercury and Total
Nitrogen
TN was relatively low in general but comparable to what was
observed in other Arctic studies (e.g., Lenz et al., 2013;
Schirrmeister et al., 2013). Moreover, the TN concentration in
sediment has been found to be positively correlated with carbon
concentration (Faure, 1986), which we could also confirm in this
study. Spearman’s rank correlation for TN vs. TC is 0.75, while
for TN vs. TOC it is 0.87 (p < 0.01).

We found a strong linear positive correlation between TN
and STHg (rs � 0.72, p < 0.01), but we cannot distinguish if there
is a direct biochemical connection or if that observation can
only be explained by the positive correlation of both TN and
STHg with TC/TOC and clay content. A strong positive
correlation of Hg and N in mineral soils and litter was
reported from non-Arctic studies, e.g., in the Sierra Nevada
by Obrist et al. (2009), but the authors also highlight that
comparing the factors determining Hg contents across
different sites is challenging. An analysis of nitrogen
speciation would enable a deeper analysis and interpretation
of TN and its composition.

Biogeochemical Dynamics of Mercury
Potentially Initiated by Thawing Arctic
Permafrost
We confirmed the positive correlation between Hg concentration
and clay content for Arctic permafrost environments in this
study, but above all, between Hg and TOC. Clay particles
often have a net negative chemical charge (Barton and
Karathanasis, 2002). For instance, in case of erosion, Hg is
transported as particle-bound Hg2+. The interaction with TOC
is more complex and has been discussed in the scientific literature
already: Positive ions such as Hg2+ also bind to negatively charged
OM components. Most Hg bound to soil organic matter (SOM)
occurs with reduced sulfur groups (Giesler et al., 2017).
Furthermore, SOM is considered to be a natural chelation
agent for the biochemical process of organic acids binding
metal ions (Sohalscha et al., 1967; Nowack and VanBriesen,
2005), which might also explain the coupling of soil carbon
and Hg2+, but uncertainties still exist (Giesler et al., 2017).
Nevertheless, the mineralization of SOM leads to the reduction
of Hg2+ to Hg0 as a byproduct of soil respiration (Driscoll et al.,
2013). Direct photolysis also leads to the reduction of Hg2+ to Hg0

(Ravichandran, 2004). Because Hg0 is volatile this causes re-
emission to the atmosphere, at least from surface soil layers. The
retention time of Hg in the atmosphere is about 0.5 to 1 year, so
from there it can be redeposited globally or at least within the
hemisphere (Driscoll et al., 2013).

At the same time, current permafrost thaw and active layer
deepening results in increasing mineralization of freeze-locked
OM, increasing microbial activity and vulnerability to erosional
processes. As a consequence of this biogeochemical correlations,
rapid, deep thaw of deposits in Yedoma environments releases
significant amounts of OC and nitrogen (e.g., Kanevskiy et al.,
2016; Fuchs et al., 2020). Hence, the release of significant Hg
amounts into aquatic ecosystems via sediment transport is also
likely. Under reducing conditions as for example in wetlands,
coastal zones, and (nearly) water saturated permafrost deposits
after thawing, bacterially mediated methylation processes occur,
mostly driven by sulfate-reducing bacteria (Ullrich et al., 2001;
Skyllberg et al., 2006). Methylation is a key step of the global Hg
cycle in aquatic systems, particularly of inorganic Hg (mostly Hg0

or Hg2+) to MeHg+ (Ullrich et al., 2001). So even if the input of
already methylated species like CH3Hg+ into the ocean via fluvial
or erosional fluxes is relatively small (Driscoll et al., 2013), the
potential of producing toxic Hg species in surface water and
shallow ocean layers increases with the input of inorganic Hg as
found in our samples. This is proven by e.g., Lehnherr et al. (2011)
and Soerensen et al. (2016). In contrast to Driscoll et al. (2013); St.
Pierre et al. (2018) confirmed already elevated aquatic MeHg
concentration downstream of Arctic retrogressive thaw slump
debris tongues and MacMillan et al. (2015) found significantly
higher MeHg levels in Canadian thaw ponds on top of degrading
ice wedges. In addition, due to climate change, the season for Hg
methylation is extending, as annual thawing begins earlier and
freezing starts later (Stern et al., 2012). MeHg is toxic for humans
and animals, as it enters the central nervous system via the
digestive tract (Ha et al., 2017) and accumulates along the
food chain (Carneado et al., 2015). Human exposure is mainly
through consumption of fish and other seafood, an important
part of the traditional diet of Arctic communities (Duhaime et al.,
2004). Thus, MeHg input to the polar ecosystem with ongoing
permafrost thaw poses a significant hazard to local populations.
In 2017, about 4.9 million people were living on permafrost soils
with about 20% of these living on the coast (Ramage et al., 2021).

Dissolved organic matter (DOM) also plays an important role
in transporting metal pollutants, because humic matter has redox
properties that bind cations like Hg2+ to anionic OM (Tipping,
2002). Munthe et al. (2007) reported increased Hg levels in fish
from lakes with higher DOM. It is likely that parts of OC in the
investigated aquatic environments are present as DOM with a
strong ionic binding to metal ions (Ravichandran, 2004).

Terrestrial inputs by sediment of degrading permafrost
enriched with OM, are one of the major sources of particulate
Hg into Arctic streams (Schuster et al., 2011; Sonke et al., 2018; St.
Pierre et al., 2018; Lim et al., 2019; Zolkos et al., 2020), which
contribute more than 10% of the global river discharge into the
Arctic oceans (Zolkos et al., 2020). Mu et al. (2019) and Zolkos
et al. (2020) investigated the average export of Hg by the major
Arctic rivers from 2012–2015 and 2012–2017, respectively. Both
found an annual Hg export to the Arctic Ocean of about
20,000 kg yr−1, of which 7,500 kg yr−1 (6,591 kg yr−1,
respectively) are delivered by the Lena River. Furthermore,
Lim et al. (2020) investigated a south to north transect in the
Western Siberian lowlands and found that Hg concentrations in
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soil increased with latitude. Our findings confirm that. Thus it
appears that those deposits with a higher Hg enrichment are also
located closer to the oceanic ecosystem and also have a more
direct impact on the oceanic ecosystem and thus further
methylation processes.

To provide a rough risk assessment based on the findings
in this study, we state the following: The amount of STHg found
in this study is not alarmingly high (critical Hg concentration
for contaminated soils is 1.5 mg kg−1 according to EU guidelines
(Hein et al., 2011)). Still, we highlight that Arctic permafrost
soils described in other studies contain more clay or more
TOC (especially in relation to the TOC-poor Yukechi site)
than our samples. Hence, we assume that higher Hg levels
can be found in other permafrost regions of the Arctic with
more TOC. Nevertheless, there is a natural background signal in
the Arctic Ocean due to anthropogenic emissions coupled with
exported MeHg, and it will be biomagnified through food webs.

CONCLUSION

The sediment cores from Siberian permafrost deposits in this
study contained 9.72 ± 9.28 μg STHg kg−1 on average. Probably
most of this STHg is inorganic Hg2+, but the formation of
CH3Hg+ after thawing or entering the Arctic Ocean is expected.
The mean STHg concentration in the samples from the Yukechi
study site is 5.21 ± 3.66 μg kg−1, while the samples from the
coastal area of Bykovsky contain nearly three times as much,
namely 14.95 ± 10.94 μg kg−1. The trend of STHg versus depth
was quite similar in all four cores from the Yukechi Alas. The
upper half of the cores showed decreasing concentrations, with
the lowest STHg in the middle and a downward increase in the
lower half. In contrast, all three cores from the Bykovsky
Peninsula exhibited decreasing concentrations with depth,
but with higher values in the near-surface layers. Therefore,
at first glance the difference seems distinct between both study
sites, but not between the single cores. However, our plots and
statistics show that the varying deposition phases (mainly
distinguished by age, location, and grain size distribution)
lead to differences in STHg concentrations as well. According
to our data, Holocene thermokarst and lagoonal deposits
contain more STHg than late Pleistocene fluvial sands, while
late Pleistocene Yedoma deposits consist partially of STHg
similar to that found in Holocene alas deposits but with a
lower average.

Moreover, we found a correlation of STHg with MS (negative)
and clay content, TOC, and TN (all positive). Although the
samples from Bykovsky contained coarser sediments in
general, they were also less sorted and therefore partly
contained a higher concentration of clay compared to the
samples from Central Yakutia. Associated with the higher clay
content, the Hg concentration was also higher in the cores from
Bykovsky. The state of the investigated sections of the cores
(whether originally frozen or not) was not obviously decisive for
elemental enrichment or conservation.

Based on our study, the increasing thermokarst processes and
coastal erosion in Arctic permafrost regions will liberate the

available Hg and very likely enable the increase of highly toxic
CH3Hg+ in the terrestrial ecosystem, the Arctic Ocean, and the
food chain. The amount of approximately 10 μg Hg kg−1 in the
studied Central Yakutian permafrost deposits is not expected to
lead to immense and alarming injections of the metal pollutant
Hg into the environment. Nonetheless, with regard to our RHgC

and the TOC levels from other studies, we suggest the YedomaHg
pool contains about 542 Gg, but this value comes with significant
uncertainties. Other Arctic studies revealed more TOC and TN in
sediments. Due to the positive correlation of these indicators with
STHg, the circum-Arctic pool might be even larger as our
findings suggest.
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