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Abstract. Soils are an important compartment of ecosys-ground concentrations was similar to trace metal levels re-
tems and have the ability to buffer and immobilize substancegorted for other pristine northern areas.

of natural and anthropogenic origin to prevent their move-
ment to other environment compartments. Predicted climatic

changes together with other anthropogenic influences on

Arctic terrestrial environments may affect biogeochemicall Introduction

processes enhancing leaching and migration of trace ele-

ments in permafrost-affected soils. This is especially impor-1face metals are naturally present in parent rock and in soils
tant since Arctic ecosystems are considered to be highly ser@nd occur in the form of sulfides, oxides, silicates, and car-
sitive to climatic changes as well as to chemical contaminaXfonates. They can be adsorbed or bound to natural substances
tion. This study characterises background levels of trace metwhich may govern the elements’ ability to migrate (Dube
als in permafrost-affected soils of the Lena River delta and itset @l-, 2001). The mechanisms of leaching and migration in
hinterland in northern Siberia (73.5-6918), representing soils vary for different trace metals (Niskavaara et al., 1997).

a remote region far from evident anthropogenic trace metafor example, the transport of Cu to deeper soil layers mostly
sources. Investigations on the element content of iron (Fe)takes place when bound to organic substances, whereas Ni
arsenic (As), manganese (Mn), zinc (Zn), nickel (Ni), cop- and some other elements like Zn, Cd and Pb, are generally
per (Cu), lead (Pb), cadmium (Cd), cobalt (Co), and mercurytransported as acid-mobilized, easily leachable compounds
(Hg) in different soil types developed in different geological (Borg et al., 1989; Niskavaara et al., 1997). Trace metals are
parent materials have been carried out. The highest mediaf!S0 one of the major groups of anthropogenic contaminants
concentrations of Fe and Mn were observed in soils belonng soils. Arctic ecosystems belong to the most sensitive re-
ing to ice-rich permafrost sediments formed during the Pleis-9ions of the world with regard to effects of human impact
tocene (ice-complex) while the highest median values of Ni,(Weller, 1995; Gulinska et al., 2003). Examples for anthro-
Pb and Zn were found in soils of both the ice-complex andPogenic sources of trace metals in the Arctic are the Norilsk
the Holocene estuarine terrace of the Lena River delta regiorindustry area in western Siberia and the mining industries of
as well as in the southernmost study unit of the hinterlandnickel, Monchegorsk and Zapolyarny, in the Kola Peninsula
area. Detailed observations of trace metal distribution on thdBoyd et al., 2009; Jaffe et al., 1995; Niskavaara et al., 1997;
micro scale showed that organic matter content, soil texturéPPekunova et al., 2007; Reimann et al., 1997; Zhulidov et
and iron-oxide contents influenced by cryogenic processes?"-v 2011). Their activity leads to substantial pollution of Arc-
temperature, and hydrological regimes are the most imporIiC ecosystems across several hundred kilometres (Zhulidov
tant factors determining the metal abundance in permafrostet al., 2011). Trace metals can reach the Arctic by different

affected soils. The observed range of trace element backPaths. Some studies demonstrate that the input of trace metals
to the Arctic region including both natural and anthropogenic

origin could be caused by long-range transport (Akeredolu
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2 I. Antcibor et al.: Trace metal distribution in pristine permafrost-affected soils

et al., 1994; Barrie, 1985, 1985, 1992; Pacyna, 1995; Rahr2 Study area
et al., 1997; Rovinskiy et al., 1995; Thomas et al., 1992).
However, data on the presence of contaminants in Arctic soilsThe investigation area is located in the northern part of east-
is limited in comparison with temperate or tropical regions. ern Siberia between 73&nd 69.5N. It covers the delta
The evaluation of anthropogenic impacts on Arctic ecosys-of the Lena River in the north and its nearby hinterland to
tems requires knowledge on the background levels of tracehe south (Fig. 1). The study area belongs to the Arctic—
metals as well as on the landscape distribution of elements isubarctic climate zone. The mean annual air temperature and
permafrost-affected soils in relation to soil properties. the mean annual precipitation, measured by the meteorolog-
One Arctic region commonly considered as pristine is theical station in Tiksi (7238 N, 12852 E) during the 30yr
Lena River delta region (Nolting et al., 1996). The delta, period 1961-1990, were13.6°C and 319 mm, respectively
being geomorphologically heterogeneous, acts as a naturgRoshydromet, 2011). The mean annual air temperature and
filter that accumulates various materials transported by theannual precipitation of the region farther to the south, mea-
Lena River from the south, including pollutants (Lisitsyn, sured at the climate reference site in Dzhardzhaf48&\,
1994). Although the study area is remote, there exists a risk23*59 E) during the period 1998-2011, wasl12.4°C
of airborne pollution by trace metals from anthropogenic and 298 mm, respectively. The temperature amplitude at the
sources connected to the settlements. The largest of these abzhardzhan reference site is higher than in Tiksi (Zubrzy-
the settlements Tiksi (P4255.57' N, 1284846.32 E)and  cki et al., 2012). Because of a strong continental climate in
Kyusyur (704541.71' N, 12772304.71 E) (Fig. 1) (Rovin-  the study area, the summer period is longer and warmer in
sky et al., 1995). The distribution of trace metals in water, the region’s south. The predominant winds in this area come
marine sediments, air, vegetation and fauna of the delta hafom the north and north-easit{p://meteo.infospace.rlast
been studied in detail (Holemann et al., 2005; Nolting et al.,access: 31.05.2013).
1996; Presley, 1997). However, existing data on the presence According to Grigoriev (1993), the Lena River delta area
of these substances in soils remains poorly studied. can be subdivided into three terraces and various flood-
Soil can function as a transport barrier by adsorbing con-plain levels of different ages. The first terrace including ac-
taminants and preventing their further migration to aquatictive floodplains (1-12 m above sea level) formed during the
ecosystems, for example, through seepage water and groundarly Holocene and covers the main part of the eastern delta
water (Dobrovol'skiy et al., 1986). However, consequencessector between the Tumatskaya and the Bykovskaya chan-
of climate change and anthropogenic impacts may affecnhels (Schwamborn et al., 2002). It is assumed to represent
main soil properties (e.g. carbon content, redox potentialthe “active” delta and was investigated at study location on
leading to a modified migration ability of pollutants (Balbus Samoylov Island (722 N, 126°31' E) and on Tit-Ary Island
et al., 2013; Dube et al., 2001; Weller, 1995). (site 1T-1) which is situated in the main Lena River chan-
Permafrost-affected soils are widespread in subarctic andiel south-east of Samoylov. Polygonal tundra is typical for
Arctic tundra with great amounts of stored organic matterthe landscape units on both islands and is characterized by
(Tarnocai et al., 2009). The mean soil organic carbon stockwo different forms: polygon centres that are water-saturated
for the upper 1 m of soils of the Holocene terrace of the Lenaand feature a large amount of organic matter due to accu-
River delta has been estimated to be 29 kfa 10 kg nT2 mulation under anaerobic conditions, and polygon rims that
(Zubrzycki et al., 2013). Organic matter is capable of form- show evidence of cryoturbation in more or less all horizons
ing organo-mineral associations (Hofle et al., 2012) of theof the active layer. They show a distinctly lower water table
type that bind the majority of trace metals (Davranche et al.,and less accumulation of organic matter (Fiedler et al., 2004;
2011; Dube et al., 2001). We assume that the predicted inKutzbach et al., 2004; Pfeiffer et al., 2002).
crease of global warming will intensify biogeochemical cy- The investigations of the soils were mainly carried out on
cling within this large reservoir of carbon including bound Samoylov Island in the southern-central Lena River delta.
trace elements in the upper layers of permafrost-affectedrhis site is representative for the younger delta areas in-
soils. cluding a Holocene estuarine terrace and various floodplain
The objectives of this paper are to investigate (1) the tracdevels (Boike et al., 2013). The western part of the island
metal content in seasonally thawing layers of permafrost—+epresents the floodplain (site middle floodplain MF-1). Fre-
affected soils of the Lena River delta region in northern quent changes of the river water level create different peri-
Siberia, and (2) the landscape distribution of trace metalods of sedimentation and result in the formation of stratified
in soils of the Lena River delta and its hinterland by deter- soils and sediment layers which are dominated either by min-
mining the relations between trace metal concentrations anéral substrates with allochthonous organic matter or pure au-
important soil properties such as carbon and iron-oxide contochthonous peat (Boike et al., 2013). In contrast to the accu-
tents, soil texture, and thaw depth. mulative floodplain site, erosion processes dominate the east-
ern shores of the island and form an abrasion coast. This part
is represented by an ancient estuarine (river-marine) terrace
(sites 1T-Rim1 and 1T-Cel), which covers about 70 % of the
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Fig. 1. (A) The position of the study area in the circum-ArctiB) an overview of the area in northern Siberia with location of study
sites investigated in 2009, arf@) an overview of Samoylov Island with study site positions investigated in 2010. The maps are based on
Google and Geocentre Consulting, AMAP and an orthorectified aerial picture of Samoylov, 2007 (SPARC-group, Alfred Wegener Institute,
Potsdam).

total area of the island (Akhmadeeva et al., 1999). The highern side of the Lena River and represent instances of pro-
floodplain (sites HF-Rim2 and HF-Ce2) is fragmentarily sit- nounced visible changes in vegetation cover (Zubrzycki et
uated between the east coast of the island and the westeal., 2012). They represent the southern tundra (H-1), forest
border of the estuarine terrace above the middle floodplaintundra (H-2), and northern taiga (H-3) landscape subzones.
This area could be described as a thermokarst depression of The main soil forming process in these landscapes under
the terrace above the floodplain, because it is composed dhvestigation are soil organic matter accumulation, gleying
the same layered plant detritus mixed with sand deposits oand cryopedogenesis, which include freezing and thawing,
the ancient delta floodplain. It is inundated only at very ex-frost stirring, mounding, fissuring, and solifluction. Accord-
ceptional annual floods (Akhmadeeva et al., 1999). ing to the soil taxonomy classification (Soil Survey Staff,

Arga Island (site 2T-1) is the northernmost site of the 2010), we described all the soils studied as Gelisols (Table 2).
study area. It is located in the north-western part of theThe soils of the Arga Island (2T-1), Sardakh Island (3T-2),
Lena River delta and represents a major part of the secand Tit-Ary Island (1T-1) of the Lena River delta belong to
ond terrace (20—30 ma.s.l.) of the delta (Schwamborn et al.the Turbel suborder. The soils of the studied site on Hardang-
2002). This site is characterized by coarse-grained sandy sedise Island (3T-1) and sites of the hinterland H-1°(X3,
iments, which were formed from the late Pleistocene to lateH-2 (70° N), and H-3 (69 N) are described as Orthels. The
Holocene (Wagner, 2007). studied sites of Samoylov Island belong to both Turbel and

The highest third terrace (30-55ma.s.l.) was formed dur-Orthel suborders. The soil of the study site 1T-Cel was de-
ing the late Pleistocene and is exposed in the western anscribed as Fibristel, which belongs to the Histel suborder. Ac-
fragmentarily in the southern part of the delta (Schirrmeistercording to the Russian classification all soils of the units be-
et al., 2003). The deposits of that terrace consist of so-calledween 73and 70 N (H-2) belong to the permafrost type (Ta-
ice complex enhanced by peat and sand accumulations oveble 2) (Yelovskaya, 1987; Desyatkin et al., 1991; Pfeiffer et
lying sequences of sandy sediments with a high content o&l., 2000). The soil suborder at the southernmost site H-3 was
segregated ice (Strauss et al., 2012). This geomorphologicaletermined to be a cryogenic soil (Yelovskaya, 1987). The
unit is represented by the Hardang-Sise Island in the wessoil properties of this unit differ from other soils of the Lena
(3T-1) and the Sardakh Island in the south-east (3T-2) of theRiver delta and the area of the Chekanovsky Ridge slopes as
Lena River delta. it was developed underneath a forested area.

The investigation sites of the nearby hinterland are located
on the slopes of the Chekanovsky Ridge (Fig. 1) on the west-
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Table 1. General field information of investigation sites.

Sites ID

Sampling location

Landscape description

3rd terrace

3T-1 724831317 N Sedge/moss tundra
1245443.89 E Dominant specieCarex aquatilis, Poa arctica, Eriophorum medium, Salx, Luzula
Sp.,Saussureap.
3T-2 723424.04'N Typical polygonal sedge/moss tundra

127141473 E

Dominant speciesCarexsp.,Poaceaesp.,Dryas punctata, Hylocomiursp.

2nd terrace

2T-1 731026.29' N Typical moss/lichen tundra
124°3429.80 E Dominant speciesCarexsp.,Cassiope tetragona, Luzukp., Cladoniasp., Thamnolia
vermicularis, Hylocomiunsp.
1st terrace
1T-1 715911.58'N Forest herbs/lichen/moss tundra
127°0235.29 E Dominant specied:edum palustre, Betula nan@arexsp.,Eriophorum medium., Luzula
sp.,Pedicularissp.,Hylocomiumsp.,Aulacomniunsp.
1T-Rim1 722217.66'N Elevated herbs/lichen/moss tundra, polygon rim
126° 29'11.66'E Dominant speciedDryas octopetald.., Salix glaucalL., Stereocaulon alpinum, Tham-
nolia vermicularis, Dactylina arctica, Hylocomiusp.,Aulacomniunsp.
1T-Cel 722217.66'N Sedge/moss tundra, polygon centre
126° 29'11.66'E Dominant speciesCares aquatilis, Eriophorum medium, Hylocomism
High floodplain
HF-Rim2 722219.46'N Herbs/moss tundra, poorly defined herbs/moss polygon rim
126> 2842.74' E Dominant speciesSalixsp.,Arctagrostis arctostaphulos, Aulacomnisp.
HF-Ce2 722219.558'N Sedge/moss polygon centre
126° 2841.77 E Dominant speciesCarexsp.,Arctagrostis arctostaphulos, Aulacomnitsm.
Middle floodplain
MF-1 722251.617'N Srub/sedge cover
126° 2828.37'E Dominant specieDischampsia Caespitosa, Arctophila fulva, Salix
Hinterland
H-1 71°1026.29 N Slope of Chekanovsky Ridge, herbs/moss southern tundra
12434’ 29.80' E Dominant speciesBetula nanalL., Ledum palustrd., Cassiope tetragona, Vaccinium
vitis-idaealL., Polygonum viviparum, Hylocomiusp.
H-2 7(°5522.76' N Slope of Chekanovsky Ridge, shrub/moss forest tundra
125°333.13'E Dominant specieBetula nand.., Ledum palustré.., Eriophorum medium
H-3 692356.83'N Slope of Chekanovsky Ridge, Larix/shrub/moss northern taiga

123°4933.96' E

Dominant specied.arix Sibirica, Betula nana, Alnus crispa, Salép., Empetrum ni-
grum, Ledum palustre, Hylocomium splendens

3 Materials and methods

according to both the US soil taxonomy (Soil Survey Staff,
2010) and the Russian classification of Yelovskaya (1987)
(Table 2). The following soil characteristics were determined

The investigation_si_te ID code, sampling Iocatio_n, and a briefin the field: soil type, skeletal proportion, humus content,
landscape description are shown in Table 1. Field work wasjecomposition stage of organic matter, soil colour, texture
carried out in August 2009 and September 2010, when thgape and size, inclusions, bulk density, and root penetration.
seasonal thaw depth had reached its maximum as given ifyacro- and microrelief forms, soil orders, anthropogenic
Table 2. Representative sites (13 soil profiles in total) forchanges, and vegetation cover with dominant species (Ta-
each unit of the study area were chosen and soil samplegje 1) were described as well. The soil samples from the

were taken from each genetic horizon of the thawed layeflaypadition in 2009 were preserved in thermo boxes without
and stored in plastic bags. All soil types were determined
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drying until they reached Germany for laboratory analyses. Top layers Bottom layers
Because of difficulties with samples, cargo soils from the ex- 44, 1000 0 31 terace
pedition in 2010 were air-dried prior to transport to the lab- g  tattemace
oratory. The collected samples were analysed at the Institute i /

of Soil Science (University of Hamburg, Germany).

Air-dried samples were sieved at 2mm and analysed for
soil acidity (pH) in BO extract (ratio 2.5 and 1. 25 e 10 © 10
for soils with low and high organic carbon content, respec- 1
tively; Bassler, 1997; DIN ISO 10390, 2005), electrical con- o 888 o g $ g
ductivity (CG 820 Schott Geraete GmbH, Germany; Cond 600353 8 8 T 97 g
330i, WTW, Germany; DIN ISO 11265, 1997), water con-  **' oo | o
tent (DIN 18121-1, 1998), and grain-size composition of the B3+ o 1B e L P As
< 2mm fraction (Sedimat 4-12, UGT, Germany; DIN ISO
11277, 2002). The homogenized sieved soil samples wer&ig. 2.}/olur_netric co_ncent_rations c_)f trace elements in top and bot_-
ground and analysed for organic carbon (OC) and nitrogeﬁom soil ho_rlzo_ns of_lr;vest_l%ated sites of t_he north—south tr_ansect in
(N) content (Vario MAX CNS Element Analyser, Germany; nhorthlern Siberia (gm“cm™). Syrr:bols with centred dot point out
DIN ISO 10694, 1995). The pedogenic Fe and Mn com-1© Sites 3T-1 and H-3, respectively.
pounds were extracted and fractioned by dithionite- and ox-

:L"’::chto:)uxtggtse(gﬂoﬁgg?eagg J;C;SI\C;:’ 11%%0%[3Zlflgfjg;g)'szostrongly right-skewed for the majority of the elements. Other
lution (17.60 g (COOH)+ 28.40 g (COONH)2 + 1000 mL graphs were produced with the OriginLab package version
bidistilled H,O) was used. Dithionite-soluble Fe and Mn

were extracted with 50 mL of complex solution A (70.58 g

CHsO7Nag +16.80g NaHC@ L~14+1000 mL bidistilled 4 Results and discussion

H20) and 20 mL of complex solution B (12.325g Mgs0O

7HOL~'+1000mL bidistilled BO). The resulting ex- 4.1 Physical and chemical soil properties

tracts were measured by flame atomic absorption spectrom-

etry (AAS Varian AA 280 Series, Germany). The extraction Soils were characterized by slightly acidic and neutral condi-
of Fe, Mn, Zn, Cd, Ni, Cu, As, Pb, Co and Hg, using aquations (pH 4.0-6.2) excluding two units3T-1 and MF-1 (Ta-
regia (HCI 30 % and HN@60 %), was performed by a mi- ble 3). For these sites, the pH was determined to be slightly
crowave method (Mars Xpress, CEM GmbH, Germany, DIN alkaline (pH values up to 7.4). The grain-size composition
ISO 11466). The element content of Cd, Ni, Cu, As, Pb, andwithin all geomorphological units comprised mainly fine-
Co was analysed using the AAS Varian AA 280 Series (Ger-grained sand fractions (Table 3). The highest median value of
many) with a graphite tube. The elemental content of Fe, Mnthe sand fraction was found on 2T-1. The third terrace (site
and Zn was detected by flame with the AAS Varian AA 280 3T-2) showed the lowest fine-grained sand fraction content
Series (Germany). The content of Hg was detected by théut significant silt fraction content. The unit H-3 was simi-
flow injection mercury system (FIMS) (Perkin Elmer AS 90; lar to the 3T-2 study site in terms of texture composition, as
DIN ISO 16772:2005-06). Data quality was examined on aboth consist primarily of the silt fraction. The data of pH and
batch-by-batch basis for each element using standards, labgrain-size composition were similar to data reported for soils
ratory replicates and reagent blanks. Detection limits of eactof the Lena River delta by Desyatkin et al. (1991).

element (in mg kgl) are presented in Table 4. The organic matter content showed a high spatial variabil-

We calculated volumetric trace metal concentrationsity among all investigated units (Table 3) which has been also
TM,; (@m~2cm™1) in 1 cm-thick sections of the top and reported in other studies of the Arctic region (e.g. Bockheim
bottom horizons of studied units per square metre area usingt al., 2003). Median contents of carbon varied from 1% on
the formula the second terrace to 40 % on the H-1 study site. The C:N

C x BD ratio was higher for the sites located in the hinterland which
(1) could suggest a higher organic matter accumulation due to a
slow process of organic matter decomposition.
, WhereC is trace metal concentration in soil genetic horizon  Detailed results of standard soil parameters on Samoylov
(mgkg™1), BD is the bulk density and is the soil genetic Island showed differences in their distribution on different
horizon depth. microrelief forms. Polygon centres had a more acidic soil re-

Boxplot and scatterplot graphing was performed with theaction than polygon rims. This difference is most evident for
SPSS package version 20.0 based on methods of exploratogdvanced stages of polygon development found on the first
data analysis (Tukey, 1977). Prior to plotting, the elementterrace. The highest median values of organic carbon con-
concentrations were log-transformed since the data wergent as well as of the C: N ratio were observed for polygon
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Table 2. Soil classification of investigation sites according to Soil Survey Staff (2010) and to Russian soil classification (Yelovskaya, 1987).

Site ID Thaw depth, cm  Soil Survey Russian soil classification

Staff (2010) (Yelovskaya, 1987)
3T-1 39.0 Folistic Haplorthel Permafrost Turfness-Gley Typical
3T-2 24.0 Typic Aquorthel Permafrost Silty-Peat-Gley
2T-1 57.0 Typic Psammoturbel  Permafrost Alluvial Turfy Typical
1T-1 30.0 Typic Aquiturbel Permafrost Peatish-Gley Typical
1T-Riml1  61.0 Typic Aquiturbel Permafrost Turfness-Gley Typical
1T-Cel 40.0 Typic Fibristel Permafrost Peat
HF-Rim2  40.0 Typic Histoturbel Permafrost Peatish-Gley
HF-Ce2 50.0 Typic Histothel Permafrost Peat-Gley
MF-1 91.0 Typic Aquorthel Permafrost Alluvial Turfness Typical
H-1 26.5+3.5 Ruptic Historthel Permafrost Peat
H-2 39.0 Typic Aquorthel Permafrost Silty-Peat-Gley
H-3 49.0 Typic Haplorthel Cryogenic Soil

centres also indicating lower rates of organic matter decomimedian values of Fe, As, Co and Zn for all our study sites
position there. The lowest contents of organic matter wereexcept for study site 2T-1. Median contents of Mn for the
observed in alluvial soils of the middle floodplain. The domi- units of the third terrace were higher than for Gleysols (FAO,
nant fraction of mineral horizons of studied profiles was fine- 2006) reported by Salminen et al. (2004), however the range
grained sand. The polygon rim 1T-Rim1 was of exceptionalof Mn in all investigated units coincided with the reported
interest because the processes of cryoturbation were clearlyalues of other studies. A wider range and higher medians
pronounced. Here, median contents of clay and silt materiabf Ni, As and Zn were comparable to the data reported by
within the soil profile were higher in comparison to the other Rovinsky et al. (1995) for tundra Gleysols of the lowest Lena

study sites. River area. For study sites 1T-Cel and H-1, which were char-
acterized by an accumulation of organic matter in their pro-

4.2 Trace elements in soils files, the median concentrations of Cu were higher than the
values found for Histosols (FAO, 2006) of the eastern Bar-

4.2.1 Element distribution within the ents region (Salminen et al., 2004), and of organic soil layers
north—south transect in eastern Baltic region (Salminen et al., 2011). Because of

limited geochemical data for the Siberian region, and despite

Results of trace element concentrations (median, minimurrfjifferent approaches of trace elt_ament extrac';ion methodgl—
and maximum values) for all investigated geomorphologi—ogy’ we compared our results with the data given by Zhuli-

cal units are summarized in Table 4. The lowest median and©V €t @l- (1997a, b). The maximum contents of Cu in our
minimum values of Fe As. Cu. Ni. Pb. and Zn were found investigated units were lower than values reported for pris-

in the study site 2T-1 of the second terrace. The southernin€ Wetlands of north-eastern Siberia. The maximum con-

most site H-3 of the north—south transect was characterize§entrations of Cd, Cu, Pb, and Zn for all studied soils were

by highest median values of Pb, Cu, and Zn. GeographicaTnUCh lower than the values reported for anthropogenically

environments (vegetation cover, temperature and precipitagﬁeCted areas of western Siberia. The minimum concentra-

tion) might affect the soil formation and development pro- tions of Cdf Cr?mg'diw'th tze valu_es reported _fk;)r polygckJ)Tal
cesses and influence on element distribution within the soilbog peat of the background area in western Siberia (Table 5,

profile of this studied area. High median concentrations ofdata Source 5). However, the minimum contents of Cu, Pb,
these elements were also observed in the units located on tHf'd 2N for all soil profiles except for the study site 2T-1 were
first and the third terrace. The study sites of the third ter- |ghert'han the data rgpqrted by Zhulidov et al..(199'7a). an-
race were notably different from the other units by showing centrations for the majority of metal elements in soils of this
highest median contents of Mn suggesting more advance&tUdy were similar to element levels in soils of remote ar-

soil development processes. Cd content was under the detegﬁs in the Uia River bﬁsin (Walker etal., 200_3)’ anltlj( the PT'
tion limit for the 3T-2 study site whereas the highest medianchora River basin, north-east European Russia (Walker et al.,

was detected for the study site H-1 of the hinterland area. AI2006ab, 2009). Resembling values for Cu, Hg, Mn, Pb, and

investigated sites were characterized by very low concentraZh Were found in soils of this study as well when compared

tions of Hg which were close to the detection limit. to concentrations in pristine soils from the subarctic region

The comparison of our results with studies reported forOf Labrador, Canada (Walker, 2012).
other northern regions (presented in Table 5) showed higher

Biogeosciences, 11, 15, 2014 www.biogeosciences.net/11/1/2014/
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Table 3. Min—max range (numerator) and median values (denominator) of standard soil characteristics of all studied units along the north—
south transect.

Sites ID pH Texture (%) C (%) N (%) C: N ratio
Clay Silt Sand

3rd terrace

3T1=2Y02 6.0-7.0 20.0 75.0 4.7 2.50-8.40 0.20-0.57 12.6-14.8
6.5 5.42 0.38 13.7

3T-2n=2)o 4.0-5.0 21.0 65.0 14.0 2.50-8.32 0.15-0.50 16.6-16.7
45 5.39 0.32 16.7

2nd terrace

2Tl =4+ 4.0-5.0 2.0-5.0 1.0-16.0 80.0-97.0 0.14-3.32 0.01-0.19 10.4-17.5
5.0 4.08 4.54 91.1 1.06 0.68 155

1st terrace

IT-1 (n=3)¢ 4.0-5.0 22.0-27.0 44.0-46.0 27.0-34.0 1.46-8.03 0.10-0.38 14.5-21.4
5.0 24.4 45.0 30.5 1.85 0.13 14.8

1T-Riml 2 =6) ¢ 5.6-6.6 4.0-9.0 22.0-52.0 41.0-73.0 0.91-4.12 0.07-0.26 12.8-20.6
6.2 6.6 27.9 65.5 2.80 0.18 15.2

1T-Celg=4)h 5.4-5.5 n.d. n.d. n.d. 5.92-11.7 0.17-0.42 27.6-34.6
5.5 8.39 0.24 34.0

High floodplain

HF-Rim2 @ =5)r 5.6-6.9 2.0-6.0 5.0-27.0 66.0-94.0 0.30-11.3 0.03-0.34 10.4-33.5
6.1 3.9 21.6 74.6 1.31 0.10 13.4

HF-Ce2 ¢ =4)o 5.8-6.2 4.0-5.0 13.0-27.0 68.0-83.0 1.12-15.9 0.07-0.49 14.2-36.0
5.9 4.2 20.0 75.8 6.75 0.26 20.5

Middle floodplain

MF-1(n =8)o 7.0-74 2.0-10.0 1.0-60.0 30.0-97.0 0.30-4.01 0.03-0.22 11.3-22.2
7.2 4.0 10.2 85.8 1.43 0.09 14.2

Hinterland

H-1(n=5)0 3.0-4.0 n.d. n.d. n.d. 35.0-48.0 1.51-2.13 18.9-26.3
4.0 40.0 1.83 19.3

H-2(n=5)o 3.0-4.0 10.0-12.0 29.0-33.0 55.0-61.0 1.20-38.6 0.08-1.05 15.1-36.9
4.0 11.1 31.1 57.7 7.1 0.38 18.5

H-3(n=3)o 4.0-6.0 21.0-22.0 62.0-63.0 14.0-17.0 2.17-17.7 0.10-0.59 18.7-30.0
5.0 21.5 62.6 15.9 2.21 0.12 21.7

1, — number of the measurements) — Orthel soil suborder,— Turbel soil suborder; — Histel soil suborder; n.d. — not determined.

Effects from human activity can be substantial in close velopments during weathering, and, as in our investigation
vicinity to contamination sources (Jaffe et al., 1995; area, frost processes. In order to provide a clear idea of the
Zhulidov et al., 1997b; Ziganshin et al., 2011; Walker et al., vertical distribution of trace metals within the soil profiles of
2003) but also remote from them (Akeredolu et al., 1994;the north—south transect, we calculated the trace metal con-
Thomas, 1992). To detect presumable anthropogenic elemeentrations per soil volume in the top and bottom soil hori-
additions to soil ecosystems the ratio of trace elements in tozons (Fig. 2). In all cases the bottom soil horizons contain
and bottom soil horizons is used. However, as some studslightly higher volumetric amounts of all measured trace el-
ies show (Reimann et al., 2008; Sucharova et al., 2012) thigments in contrast to the top soils (except the element Cu for
technique cannot be beneficial in all cases. Usually the toghe study site 2T-1). This finding is most evident in Fe distri-
layers are organic-rich and reflect the biogeochemical cy-bution for studied sites of the third terrace, first terrace (site
cle at the earth surface. They differ significantly from the 1T-1) and the hinterland (site H-3). The western side’s val-
minerogenic layers which mainly reflect mineralogical de- ley belt along the Lena River betweern7hd 67 N belongs

www.biogeosciences.net/11/1/2014/ Biogeosciences, 11512014
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gated units in northern Siberia and detection limits.

Name detection limit

Third terrace

Second terrace

First terrace

3T-1 3T-2 2T-1 1T-1 1T-Rim1 1T-Cel
(n=2% (n=2) (n=4) (n=3) (n =6) (n=4)

As 0.1 5.09-6.80 4.78-5.12 1.22-1.36 5.01-12.1 2.09-10.0 3.18-3.82
5.95 4.95 1.29 11.3 2.95 3.35

Cdo0.01 0.033-0.057 <DL—<DL <DL-0.36 <DL-0.05 0.03-0.07 0.027-0.058
0.045 <DL 0.01 <DL 0.047 0.035

Co0.06 19.1-21.0 20.9-26.3 11.9-28.4 23.1-28.4 40.0-146 28.5-79.5
20.1 23.6 14.6 24.5 48.8 43.5

Cu0.04 9.69-17.0 8.13-10.9 0.6-6.85 7.17-28.2 2.74-7.91 9.70-12.0
13.3 9.51 1.0 7.21 451 11.0

Fe 8.0 33620-43850 22330-35770 5280-8000 22200-49420 17800-41200 17000-21000
38735 29050 6300 44100 18900 18800

Hg 0.01 0.011-0.016  0.022-0.024 <DL-0.012 0.01-0.022 0.016-0.037 <DL-0.019
0.014 0.023 0.010 0.013 0.018 0.010

Mn 3.3 585-627 397-721 142-186 173-301 224-1206 143-481
606 559 158 237 334 187

Ni 0.1 27.4-32.9 23.4-24.5 4.89-9.94 21.0-32.0 11.2-23.3 17.1-24.1
30.2 24.0 5.12 28.3 21.7 18.5

Pb0.3 9.37-9.57 7.70-9.22 2.14-3.69 6.58-9.78 5.02-7.37 5.21-31.2
9.47 8.46 2.41 9.16 6.84 7.55

Zn1.3 70.3-76.4 52.2-57.0 12.1-23.9 60.9-73.9 43.1-60.6 34.9-59.2
73.4 54.6 12.4 72.8 59.3 49.0

Name detection limit High floodplain Middle Hinterland

floodplain

HF-Rim2 HF-Ce2 MF-1 H-1 H-2 H-3
(n=5) (n=4) (n=28) (n=5) (n=5) (n=23)

As0.1 2.24-3.69 2.06-3.95 2.94-6.74 1.63-3.90 2.68-8.06 3.38-5.05
3.15 2.80 4.99 3.13 4.75 4.48

Cdo0.01 0.018-0.042  0.011-0.084 0.016-0.11 0.024-0.092 <DL-.24 <DL-0.18
0.020 0.041 0.047 0.086 <DL <DL

Co0.06 20-2-54.7 30.0-69.4 52.7-110 10.6-18.7 10.9-22.8 19.4-23.5
40.9 40.2 92.1 14.1 11.9 21.6

Cu0.04 0.95-8.30 2.57-14.0 1.02-9.80 11.9-47.0 1.48-11.2 16.0-21.9
4.49 7.81 3.43 20.6 8.09 17.8

Fe 8.0 10700-18200 12000-20000 13000-38000 8430-19780 3190-50270 25820-47 050
15500 15650 25750 13210 17680 44850

Hg 0.01 <DL-0.019 0.010-0.017 0.015-0.050 <DL-0.017 <DL-0.049 <DL-0.019
<DL 0.012 0.027 0.01 0.011 <DL

Mn 3.3 143-1385 139-633 185-503 10.93-78.6 65.5-230 202-342
271 260 340 23.0 107 322

Ni 0.1 11.7-20.2 12.3-23.7 11.8-32.6 9.10-21.4 7.15-23.2 16.2-27.1
17.2 18.2 20.1 19.7 12.0 25.4

Pb0.3 3.55-5.44 4.00-6.63 4.60-9.96 2.29-12.6 3.01-6.79 10.0-13.3
4.69 5.27 6.62 4.33 4.83 13.1

Zn1.3 23.9-47.5 29.9-55.0 28.3-84.0 14.4-28.7 24.8-72.9 74.3-81.0
39.5 37.8 55.1 17.4 39.1 75.1

1, — number of the measurements; DL — detection limit.

to the so-called litho-chalcophile structural-formational com- erals (elements including Pb, Zn, Cu, Hg, and As). It is
plex (Geological Atlas of Russia, Saint Petersburg, 1996).characterized by high element accumulation coefficidts
This area is characterized by high content of sulfide min-which range from 2.5 to 5. These observations support the

Biogeosciences, 11, 15, 2014 www.biogeosciences.net/11/1/2014/
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Table 5. Range (min—max) (numerator) and median values (denominator) of the trace metal concentrations reported for soil types of the
eastern Barents region, the Baltic region, the lower Lena River area, north-eastern Siberia, and western Siberia.

Soil type Data source Element mgid
As Cd Co Cu Fe Hg Mn Ni Pb Zn
Gleysol§ 1 0.44-12.0 0.005-0.292 1.38-52.8 1.03-59.3 2690-47200 - 31.1-5020 2.82-682  0.52-8.55 0.50-87.9
4.50 0.063 8.31 9.42 16300 377 20.1 3.29 30.6
Histosol$ 0.05-30.8  0.005-0.33 0.50-33.6  0.50-152 259-77000 - 3.18-3280 1.00-49.5 0.30-15.8 0.50-93.6
1.04 0.027 4.70 8.80 11300 122 11.3 1.81 15.8
Fluvisols® 0.05-15.1  0.005-0.34 0.50-23.0 0.50-28.0 646-34200 - 11.2-3480 1.00-73.4 0.43-8.88 2.65-65.5
1.73 0.026 7.28 13.0 13000 274 17.5 2.99 26.0
Organic soil layer 2 0.25-17.8 0.08-3.18 0.29-12.6  2.85-87.3  767-21400  0.04-0.42 23.6-4880 1.54-131  6.52-361  7.70-90.9
1.56 0.40 1.16 7.60 2890 0.20 265 5.06 311 20.0
Tundra Gleysols 3 0.02-0.78 0.03-0.40 - 0.72-5.02 - 0.01-0.04 - 0.72-4.96 — 6.80-18.9
0.22 0.12 2.50 0.02 2.60 13.0
Hydric soils 4 - 0.05-0.81 - 2.70-63.0 - - - - 1.80-44.0 4.40-137
Sedge-moss peat - 0.03-0.48 - 3.0-62.0 - - - - 1.90-23.0 4.00-96.0
Hydric soils 5 - 0.05-56.0 - 1.70-664 — - - - 1.90-288  4.60-920
Polygonal bog peat - 0.05-64.0 - 1.50-442 - - - - 1.50-274  12.0-878

1 - Salminen et al. (2004), C-horizon, eastern Barents region, agua regia extraction; 2 — Salminen et al. (2011), eastern Baltic region, total extraction; 3 — Rovinsky et al. (1995), Kyusur, the lower Lena River area; 4 — Zhulidov et al. (1997a), pristine
wetlands of north-eastern Siberia; 5 — Zhulidov et al. (1997b), wetlands in the tundra zone of western Siberia, minimum values are reported for background area, maximum values are reported for areas exposed to anthiopogemniingatution;
WRB soil classification (FAO, 2006).

4.2.2 Element distribution within the great soil groups

The investigated soils of the area in northern Siberia belong
to the following great groups of the Turbel suborder: His-

toturbels, Aquiturbels, and Psammoturbels. The Orthel sub-
orders consist of three great soil groups: Aquorthels, His-

Historthels + Fibristels
L
I
cx
z

g »3 ::L't = torthels, and Haplorthels. The suborder of Histels includes
H ‘é; w only one great soil group called Fibristels. To reveal differ-

3 < —gm— ences in trace elements’ distribution in studied soils, we com-
. bined the great soil groups for each of the determined soil

+3 - g suborders of the US soil taxonomy (Soil Survey Staff, 2010)

frj’f _U:F according to organic carbon content. Figure 3 shows a log-
;E E‘% boxplot graph of the 10 trace elements’ distribution for each

of the determined soil group. The first combined group which
includes Historthels and Fibristels (Fig. 3a) with a higher or-
ganic matter content (up to 40 %) is characterized by higher
medians and smaller ranges of values for Ni and Cu, and by

els (in mgkg1) and variations of 10 elements in soil great groups a higher median value and bigger range of the Mn content.

based on three soil suborders Turbels, Histels and Orthels. Note thél{he second grogp shown in Figure 3b represen;[s the 59"5
concentrations for all elements were log-transformed prior to plot, Of the Orthels with median carbon content of 8%. In this

group, the distribution of Fe is characterized by high vari-

ability similar as in the first group described above. However,
hypothesis of a geological origin for those trace elements athe distribution of Co, Cu, and Cd has a wider range than in
our study sites. The volumetric concentrations of elementghe organic-rich soils. The third combined group including
Ni, Cu, Co, and Pb in the top 1 cm-thick layers were found all kinds of Turbels with a median value of 2% organic car-
to be very close to the values observed for watersheds of theon was generally characterized by higher scatter of element
Yenisey River delta area, about 300 km from the Norilsk min- contents except for Mn and especially Fe. A notably higher
ing industry (Korobova et al., 2003). median value of Fe concentration was detected in the Turbels

suborder.

T T T T T
10 0 5 10

Log concentration

Fig. 3. Log-boxplot comparison of gravimetric concentration lev-
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4.2.3 Element distribution in topographic units of
Samoylov Island

The amount and distribution of iron oxides in soils are known

to influence soil properties such as anion adsorption, sur:

face charges, specific surface area, aggregate formation, n
trient transformation and pollutants retention in soils. |

permafrost-affected soils Fe is accumulated in the unfroze
horizons (Boike et al., 1999; Fiedler et al., 2004) and is likely

to be discharged with water during freezing and thawing pro-

cesses to Fe-rich streams. Later, these processes might cal
the mobilization of other elements and their further migration

Biogeosciences, 11, 15, 2014

and accumulation within the active layer of the soil profile.
The ratio of different iron-oxide fractions can be used to eval-
uate environmental conditions and the processes of modern
pedogenesis in permafrost-affected soils (Zubrzycki et al.,
2008). Higher values of the iron-oxide ratio were found in
Hpe bottom part of the investigated profiles on Samoylov Is-
and. This finding is probably related to less pronounced pro-

r%:esses of pedogenesis due to the prevalence of anoxic condi-

tions. The ratio between the so-called “active” iron oxide, the

oxalate-soluble part — Geand well crystallized forms of iron
ides, the dithionite-soluble fraction — f;evas higher in

the bottom part of 1T-Rim1 (Fig. 4). This higher ratio could

www.biogeosciences.net/11/1/2014/
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a Adriano (1986), Co is an element that accumulates in the hy-
“““““ - ot drous oxides of Fe, as well as As which usually has a ten-
°°°°° m S dency to form insoluble compounds with iron. The site of
§ “““““ E i the middle floodplain was also characterized by higher vari-
3 & 3 5 ability of Fe, Zn, Ni and Cd. As Co, the elements Zn and Ni
o are found to be easily adsorbed by iron hydroxides (Salmi-

o

. o nen et al., 2004). An enrichment of the elements Mn, Fe, As
; ; 16 32 i : ! and Co at the cryoturbated polygon rim (site 1T-Rim1) was
As mglkg ' Cu mglkg found in the layer of a distinct visible band of Fe accumu-
b lation. This accumulation was caused by element redistribu-
tion at the capillary fringe in these groundwater-affected soils

(Fiedler et al., 2004).
Detailed comparison of polygonal landscape microforms
° o = 5 7o revealed differences in element distribution between the
° polygon rims and polygon centres. Higher median values
and less variability of Mn were found within the elevated
: : - -+ N S part (site 1T-Rim1) of polygons in contrast to low-centred
Cu mgrkg Cd mgrkg parts (site 1T-Cel) of the first terrace polygon. Such a dif-
c ference may be explained by redox and hydraulic gradient as
N B described in detail by Fiedler et al. (2004) (upward translo-
“ “l cation). The maximum content of Mn was detected on study
site HF-Rim2 at a poorly elevated polygon rim. Manganese
- nodules found at a depth of 29—-35 cm could indicate the oc-
2 ‘ o currence of seasonal redox changes (precipitation of Mn ions
: as manganese hydro(oxides) with increasing oxygen level).
s S 3 s it s s S It is interesting to note that the highest median content and
zn mgkg Pomglkg smallest range of Cu were observed for the most organic-rich
soil of 1T-Cel belonging to the low-centred part of a poly-
gon. It was shown in several studies (Adriano, 1986; Kabata-
Pendias, 2001) that organic-enriched surface horizons con-

C%

Clay %
s

Clay %

%2 & %; T tain higher concentrations of Cu, than lower soil horizons
z. 1 Z. 0 which contain less organic matter. The investigated sites
X . H which belong to the high and middle floodplains were char-

a - acterized by a much higher range of Cu distribution within

oy e the profiles compared to the first terrace soil profiles. A

smaller range of Cu in 1T-Rim1 soil profile was likely caused

Fig. 6. Scatterplots showing the interrelation between the selected?y More pronounced homogeneity (mixing of organic matter
elements and the general soil properties in the soil profiles ofWith mineralogical material) within the soil layers. The poly-
Samoylov Island.(&) — correlation between the elements and a well gon centre 1T-Cel also differed from other sites by having
crystallized form of iron oxide(b) — the elements and organic car- a high median and the widest variability of Pb content. The
bon content(c) — the elements and clay content, gdji— correla-  maximum Pb content for this soil was observed in the sub-
tion between the elements). surface horizon. We cannot provide a clear-cut interpretation

of this phenomenon but different processes might cause this

distribution. Pb compounds found in soils are quite immo-
be explained by intensive mixing of mineralogical particles bile (Salminen, 2004). However, some investigations showed
and organic compounds within the soil profile of polygon rim that solubilization of Pb could be attributed to the soluble
due to cryoturbation. As a result, with the increase of the or-chelate complex formation with organic matter (Stevenson et
ganic matter content within the subsoil the amorphous formsal., 1979). So the observed distribution of Pb might be caused
of iron oxides (Fg) could form stable Fe-organic complexes. by a combination of the dominant speci€aex Aquatilis,

The results comparing element levels within and betweenWahlenb) root uptake and downward movement as soluble

the soil profiles are displayed graphically by boxplots usingchelate complexes with organic matter. Another reason might
trace metal values from Table 4 in Fig. 5. The highest me-be the cumulative influence of seasonal freezing and thawing
dian values of Fe, Co, and As were found for MF-1. Higher cycles and formation of ice lens (Overduin et al., 1997). As
content of Fe could be explained by additional input of al- a result, a solute is excluded from soil matrix and, due to
lochthonous material during annual flooding. According to

www.biogeosciences.net/11/1/2014/ Biogeosciences, 11512014
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convective water transport to the freezing front, accumulatesvin distribution between Turbels with a lower organic mat-
in subsurface horizons. ter content, and Orthels and Histels characterized by higher
Relationships between the trace metal contents and sodmounts of carbon in their profiles.
properties were evaluated by means of scatterplots (Reimann We have revealed that microrelief features can influence
et al., 2008). Some selected examples of element distributioelement distribution in natural permafrost-affected soils by
dependence from the observed soil characteristics are givethhe example of Samoylov Island. Higher concentrations of
in Fig. 6. The elements As and Cu showed a tendency to asmost metals were observed in the soil profile MF-1 at the
sociate with well crystallized iron-oxide forms. Evans (1989) middle floodplain compared to the other sites. This find-
claimed that Cu has a stronger tendency to form associationsig suggested that, apart from the parent material, the sec-
with oxide forms of Fe, relative to other metals. It also holds ond potential source of trace metals at the middle floodplain
true for the behaviour of As mediated by the presence ofcould be allochthonous substance input during annual flood-
iron oxides (Adriano, 1986; Selim, 2011). A positive correla- ing. Comparison of the elevated polygon rims and water sat-
tion of element concentrations with increasing organic mat-urated polygon centres in an ancient estuarine terrace and a
ter content was found for the elements Cu (study sites MF-1high floodplain showed that values of the trace metals Cu and
1T-Rim1, 1T-Cel) and Cd (sites MF-1 and 1T-Ce1l). The ele-Pb were higher in polygon centres which are characterized by
ments Zn and Pb mainly coincided with clay content in soils. an accumulation of organic matter and more moist environ-
However, the role of insoluble organic materials (in case ofments. Higher concentrations of some elements (e.g. Fe, Mn,
polygon centre sites) and the oxides of Fe and Mn cannolNi, As, and Zn) were detected in most soil profiles in the
be ignored. A tendency to positive correlation between Nideeper minerogenic soil horizons compared to the top soil.
and Fe, Ni and Pb, Ni and Zn, and Ni and Cd was observedThis supported our suggestion that the permafrost table, act-
The scatterplots for the last two element pairs are shown iring as a geochemical barrier, retarded further migration of el-
Fig. 6d. ements into deeper horizons. Besides factors such as organic
All investigated sites were characterized by a slight con-carbon content, soil texture, and iron oxides, cryoturbation
centration increase of the majority of trace metal above theprocesses, temperature, and soil water regimes play a signif-
permafrost table in a gleyic layer. This was more pronouncedcant role in landscape distribution of trace metals within the
for the elements Zn and Ni at the study site 1T-Rim1 andstudied profiles of permafrost-affected soils, and could not be
for Mn, Fe, and As in the soil profile of MF-1. A similar overlooked.
trend for the distribution of these elements was observed for We cannot eliminate the possibility that pollution of Arc-
permafrost-affected soils of tundra landscapes in the Yeniselic ecosystems occurs due to long-range transport. However,
River delta (Korobova et al., 2003) and in studies of Fiedlerour research showed that the concentrations of all the inves-
et al. (2004). This similarity supports the suggestion that thetigated metals were similar to those reported for other pris-
presence of the permafrost table could cause this increase line northern regions. We concluded that the studied area
acting as a geochemical barrier to further trace metal disloin northern Siberia is pristine and can serve as a refer-
cation within the soil profile. ence region for determining human influences on permafrost-
affected landscapes or comparing similar pristine areas in
the Arctic region. However, the existing dataset needs to
5 Conclusions be expanded. The processes of deposition, accumulation,
leaching, translocation, and transformation of trace metals in
The first measurements of trace metal concentrations irpermafrost-affected soils need to be studied in greater detail
permafrost-affected soils of fluvial landscapes of the Lenain order to estimate possible risks from both factors (climate
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