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Abstract: Permafrost-affected regions in the Russian Arctic are a critical study area for studying
the sources of metal elements (MEs) in soils originating from geological/pedogenic processes or
from anthropogenic sources via atmospheric transport. In the Nadym region of the Yamalo-Nenets
Autonomous District, we investigated the contents of soil organic carbon (SOC), total nitrogen (TN),
and MEs across different soil types and horizons, explored the source apportionment of MEs, and
assessed local ecological risks of potentially toxic elements (PTEs). The results showed that (1) the
contents of SOC and TN in Histic Cryosols (8.59% and 0.27%) were significantly higher than in Plaggic
Podzols (Arenic, Gelic, and Turbic) (2.28% and 0.15%) and in Ekranic Technosols (Umbric) (1.32% and
0.09%); (2) the concentrations of MEs in the Nadym region were lower than in other Arctic regions;
(3) the primary sources of MEs were identified as geological processes (36%), atmospheric transport
(23%), agricultural activities (21%), and transportation (20%); and (4) the permafrost-affected soils in
the Nadym region exhibited low ecological risks from PTEs. These results underscore the critical role
of geological and anthropogenic factors in shaping soil conditions and highlight the relatively low
ecological risk from PTEs, providing a valuable benchmark for future environmental assessments
and policy development in Yamal permafrost regions.

Keywords: Arctic cities; permafrost; metal elements; ecological status

1. Introduction

The Russian Arctic is characterized by its permafrost-affected environment and sparse
population [1,2]. However, in recent years, the extraction industries of oil and gas in the
Russian Arctic have increased local environmental pollution [2–5]. Meanwhile, the Arctic
is warming twice as fast as other regions of the world [6,7]. Pronounced climate change
in permafrost regions may lead to permafrost degradation [8,9], further stimulating the
loss of soil organic carbon (SOC), promoting the transformation of total nitrogen (TN),
and accelerating the release of metal elements (MEs) [9–11]. Both anthropogenic activities
and climate change may impact the biogeochemical processes of SOC, TN, and MEs in the
Arctic ecosystem.
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Most heavy metals and metalloids (e.g., As) with densities greater than 4 ± 1 g/cm3 or
relative atomic masses exceeding 50 are considered potentially toxic elements (PTEs) [12].
These PTEs can migrate into various environmental media [13]. Many studies have shown
that pollutants, including PTEs, are transported to polar regions far from urban areas
through long-distance atmospheric transport, potentially polluting the local environ-
ment [1,13–16]. At present, PTEs from anthropogenic sources have been found in the
Arctic [17–19]. Therefore, it is crucial to calculate pollution indexes and assess contamina-
tion levels in the Arctic [5].

Approximately 65% of Russia’s territory is located in permafrost regions [20]. More
than 70% of gas reserves (accounting for 18% of the global total) in Russia are concen-
trated in the Yamalo-Nenets Autonomous District [21]. Among them, Nadym is pre-
dominantly characterized by tundra and forest-tundra landscapes with discontinuous
permafrost [22,23]. During the Soviet era, in addition to traditional reindeer herding, polar
agriculture was developed in the Nadym region [24], and oil and gas condensate fields
were also operated [25]. Therefore, it is necessary to assess the ecological status of the
permafrost-affected soils in the Nadym region to guide future land use and environmental
management policies in the Yamal regions.

The objectives of this study are to (i) analyze SOC, TN, and MEs in different soil types
and genetic horizons in permafrost-affected soils of the Nadym region, (ii) explore potential
sources of MEs in the Nadym region, particularly focusing on four factors: geological
processes, atmospheric transport, agricultural activities, and transportation, and (iii) assess
ecological status of MEs in permafrost-affected soils of the Nadym region.

2. Materials and Methods
2.1. Study Area

The study areas are in the Nadym region, Yamalo-Nenets Autonomous District, Rus-
sian Arctic (Figure 1 and Table 1). Nadym is in western Siberia, 100 km from the Arctic
Circle [26]. According to the meteorological station in Nadym, the average annual air
temperature and precipitation in 2023 were −5.5 ◦C and 510 mm, respectively. Nadym has
a continental subarctic climate, with extreme temperature variations [25]. Winters can be
extremely cold, with monthly mean air temperatures ranging from −20 ◦C to −30 ◦C [23].
The parent rocks in this region originate from Quaternary deposits, comprising Pleistocene-
Holocene sediments of alluvial genesis [5]. Vegetation in the Nadym region is mainly
composed of sparse spruce–larch (Larix sibirica and Picea obovata) and larch-pine forests, as
well as tundra communities dominated by dwarf birch (Betula nana L.), mosses (Sphagnum
spp.), and lichens [26].

Table 1. Geographical characteristics of the study areas.

Sites Latitude (◦N) Longitude (◦E) Elevation (m) Land Cover Types

TD 65.59 72.07 38 Tundra
AF 65.34 72.98 20 Abandoned farmland
UA 65.53 72.56 10 Urban area
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Figure 1. The location of the study areas. (a) Global map highlighting the study region. (b) Detailed 
map of the Nadym region in the Yamalo-Nenets Autonomous District. (c–e) Photographs of the 
three sampling sites in the Nadym region (TD-tundra, AF-abandoned farmland, and UA-urban 
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to store soil samples, which were subsequently delivered to the laboratory of the Depart-
ment of Applied Ecology at St. Petersburg State University. The soil types were classified 
according to the Word Reference Base for Soil Resources (WRB), specially as Histic Cryo-
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Figure 1. The location of the study areas. (a) Global map highlighting the study region. (b) Detailed
map of the Nadym region in the Yamalo-Nenets Autonomous District. (c–e) Photographs of the
three sampling sites in the Nadym region (TD-tundra, AF-abandoned farmland, and UA-urban area).
(f–h) Soil profiles from the sampling sites in the Nadym region.

2.2. Soil Sampling

Soil samples were taken from each genetic horizon in the thawing layer of three soil
profiles in the Nadym region in October 2022 (Figure 1). The sampling sites, which included
tundra (TD), abandoned farmland (AF), and urban area (UA), covered a latitude range
from 65.34 to 65.59◦ N, a longitude range from 72.07 to 72.98◦ E, and an altitude range from
10 to 38 m (Figure 1 and Table 1). Soil samples were collected in triplicate from each site
and then mixed into one composite sample. Sterile polyethylene bags were used to store
soil samples, which were subsequently delivered to the laboratory of the Department of
Applied Ecology at St. Petersburg State University. The soil types were classified according
to the Word Reference Base for Soil Resources (WRB), specially as Histic Cryosols, Plaggic
Podzols (Arenic, Gelic, and Turbic), and Ekranic Technosols (Umbric) [27]. Soil genesis and
formation of three soil profiles in the Nadym region are described in Table 2.
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Table 2. Soil profiles of sampling sites in the Nadym region of Yamalo-Nenets Autonomous District.

Sites Horizon Depth (cm) Description

TD

Soil type: Histic Cryosols

O 0–20 Moss, ledum, lingonberry, cranberry, and lichen
AO 20–50 Coarse humification, black, moist, loose, and rich roots

CRMg 50–70 Thixotropic, cryometamorphic, sticky, fluid, and gleyic
TT⊥@ >70 Permafrost

AF

Soil types: Plaggic Podzols (Arenic, Gelic, and Turbic)

AO 0–5 Fresh, coarsely decomposed, opal, many roots, boundary of slight wavy
and gradual transition

AYpa,e 5–18 Black with gray spots, podzolic process in the lower part, compacted,
fresh, light loam, roots, smooth boundary, and sharp transition

BF 18–32 Illuvial-ferruginous, compacted, fresh, light gray color with pale ocher
spots, slightly wavy boundary, sharp transition in color, and roots

BC 32–53 Fresh, compacted sandy loam, pale gray with ochre spots, slightly wavy
boundary, and gradual transition

C 53–70 Turbo-charge, dense, gray with ocher spots, streaks, fresh, sand, and
permafrost below

UA

Soil type: Ekranic Technosols (Umbric)

AYur 0–20
Gray-humus, containing inclusions of anthropogenic artifacts,

compacted, possibly previously covered with a layer of asphalt or
concrete

BFur 20–50 Illuvial-ferruginous, fresh, and compacted

C 50–140 Sand with ribbons of ferruginous color (possibly infiltrations along tree
roots)

2.3. Laboratory Experiments

Before instrumental analysis, the soil sample were air-dried, ground, and sieved
(0.25 mm) for subsequent determination. The contents of SOC were determined using the
indirect wet oxidation method, which included volumetric measurement of the oxidant
according to the Tyurin (Walkley–Black) method [28]. The contents of TN were determined
using the Kjeldahl method. The pH values were measured using a pH-150 MA meter
(Belarus) in a soil suspension prepared in a ratio of 1:2.5 with distilled water. Soil texture
was determined by a sediment deposition based on Stokes’ law [29].

The concentrations of MEs were determined by the atomic absorption spectropho-
tometry method using a spectrophotometer Kvant 2 M. Before instrumental analysis, soil
samples (0.2–0.3 g) were initially dissolved in 10 mL of hydrochloric acid (HCl, concen-
trated) at 90–100 ◦C in a digestion microwave and heated to 3 mL. The solution was
digested in 9 mL of nitric acid (HNO3, concentrated) and heated continually until no
particulate matter. Then, the solution was extracted with 5–8 mL of hydrofluoric acid
(HF, concentrated) and heated at 120 ◦C for 30 min. The cooled solution was added to
1–2 mL of perchloric acid (HClO4, concentrated) and heated at 150–170 ◦C to ensure the
disappearance of the black carbide. When the solution was nearly dry, 3 mL of HNO3
(concentrated) was added to the residue. As soon as the sample cooled down, the digestion
solution was diluted with HNO3 (1%) to a final volume of exactly 25 mL for analyses.
The detection limits for the analyzed MEs were Fe—1.50 mg kg−1, Mn—0.40 mg kg−1,
Zn—1 mg kg−1, Cr—0.10 mg kg−1, Cu—0.60 mg kg−1, Ni—1 mg kg−1, Pb—0.10 mg kg−1,
and As—0.01 mg kg−1.

2.4. Data Analysis

The Positive Matrix Factorization (PMF) model and Pearson correlation coefficient
were conducted to determine source apportionment of MEs. The geoaccumulation index
(Igeo), enrichment factor (EF), pollution load index (PLI), modified contamination degree
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(mCd), and potential ecological risk index (RI) were used to fully assess the pollution status
of PTEs (Zn, As, Cr, Ni, Cu, and Pb) in the Nadym region of Russian Arctic.

The PMF model proposed by the USEPA was used for the identification and appor-
tionment of MEs [30]. The model’s calculation is represented in Equation (1), as follows:

xij = ∑p
k=1 gikfkj+eij, (1)

where xij is the concentration of the j-th MEs in the i-th sample, p is the number of the
contributing factors, gik is the contribution of k-th source factor to the i-th sample, fkj is the
concentration of the j-th MEs in the i-th sample, and eij is the residual for the i-th sample
and j-th MEs.

The minimum objective function Q represents a crucial parameter for the PMF model
Equation (2):

Q =∑n
i=1 ∑m

j=1

(
eij

uij

)2

, (2)

where n is the number of MEs, m is the number of soil samples, eij is the residual for the
i-th sample and j-th MEs, and uij represents the uncertainty of j-th MEs in the i-th sample.

Two input files are required by the PMF model: (1) the concentrations of the mea-
sured sample and (2) the corresponding uncertainties. These values are calculated using
Equations (3)–(6) [31,32].

For concentrations values of MEs below the detection limits

xij =
dij

2
, σ =

5dij

6
, (3)

For determined values of MEs beyond the detection limits

xij= cij, (4)

If xij ≤ 3dij, σij =
dij

3
+0.2 × cij, (5)

If xij > 3dij, σij =
dij

3
+0.1 × cij, (6)

where xij is the concentration of the j-th MEs in the i-th sample, dij is the detection limit, σij
is the uncertainty of xij concentration, and cij is the measured concentration of MEs.

The formulas and classifications of Igeo, EF, PLI, mCd, and RI can be found in our
previous paper [33]. Considering the stability of Ti, it was used as a background element in
the formulas of EF [33,34]. Background values of PTEs and Ti in the Nadym region were Zn—
31 mg kg−1, As—4.04 mg kg−1, Cr—42 mg kg−1, Ni—6.34 mg kg−1, Cu—8.70 mg kg−1,
Pb—9.90 mg kg−1, and Ti—0.33 mg kg−1 [21,34].

3. Results
3.1. Physicochemical Properties of Permafrost-Affected Soils in the Nadym Region

The physicochemical properties of soil samples in permafrost-affected soils of the
Nadym region are presented in Table 3. SOC contents at the three sampling sites ranged
from 0.03–16.85% and TN contents varied from 0.01–0.66%. The C/N ratios were between
0.99 and 29.90. The pH values were 5.20–6.70, indicating slightly acidic conditions. Soil
samples from three sites contained a large proportion of sand particles, with an average of
64.81 ± 20.92%.
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Table 3. Physicochemical properties (mean ± SD and min–max) of soil samples in the Nadym region
of the Yamalo-Nenets Autonomous District.

Soil Physicochemical
Properties TD AF UA Mean

(Min–Max)

SOC (%) 8.59 ± 8.27
(0.32–16.85)

2.28 ± 2.51
(0.03–6.07)

1.32 ± 1.62
(0.09–3.61)

3.25 ± 4.99
(0.03–16.85)

TN (%) 0.27 ± 0.28
(0.07–0.66)

0.16 ± 0.11
(0.01–0.33)

0.09 ± 0.04
(0.05–0.14)

0.17 ± 0.18
(0.01–0.66)

C/N 14.94 ± 10.45
(4.49–25.38)

10.75 ± 10.36
(2.86–29.90)

10.78 ± 11.23
(0.99–26.51)

11.60 ± 10.78
(0.99–29.90)

pH 6.13 ± 0.66
(5.20–6.70)

6.08 ± 0.47
(5.30–6.60)

5.97 ± 0.05
(5.90–6.00)

6.06 ± 0.47
(5.20–6.70)

Clay (%, <0.002 mm) 25.70 ± 9.73
(15.97–35.43)

15.28 ± 3.37
(9.85–18.41)

6.36 ± 0.86
(5.30–7.41)

14.62 ± 8.75
(5.30–35.43)

Silt (%, 0.002–0.05 mm) 37.54 ± 2.42
(35.12–39.95)

24.73 ± 5.00
(18.43–30.41)

3.70 ± 2.41
(0.66–6.56)

20.56 ± 13.45
(0.66–39.95)

Sand (%, >0.05 mm) 36.77 ± 7.32
(29.45–44.08)

59.99 ± 7.70
(51.86–68.85)

89.94 ± 3.28
(86.03–94.05)

64.81 ± 20.92
(29.45–94.05)

Notes: TD—tundra; AF—abandoned farmland; UA—urban area; SOC—soil organic carbon; TN—total nitrogen.

Specifically, SOC contents decreased with increasing soil depth at the three sampling
sites in the Nadym region (Figure 2). The average SOC contents at the three sampling sites
were as follows: tundra (8.59%) > abandoned farmland (2.28%) > urban area (1.32%). In the
tundra, an AO horizon exhibited the highest SOC contents, reaching 16.85%. Meanwhile,
the average TN contents at the three sampling sites in the Nadym region were ranked as
follows: tundra (0.27%) > abandoned farmland (0.15%) > urban area (0.09%). In the tundra,
TN contents were highest in the AO horizon, reaching 0.66%.
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Figure 2. Physicochemical properties in permafrost-affected soils of the Nadym region.TD—tundra;
AF—abandoned farmland; UA—urban area; (a) SOC—soil organic carbon. (b) TN—soil total nitrogen.
(c) C/N—the mass ratio of SOC to TN. (d) pH; (e) Clay (<0.002 mm). (f) Silt (0.002–0.05 mm). (g) Sand
(>0.05 mm).

C/N ratios in the upper layers of the soil profile at the three sampling sites were higher
than those in the lower soil layers. Among them, the C/N ratio in the AO horizon of the
abandoned farmland was the highest, reaching 29.90. Conversely, in the urban area, the
C/N ratio in the C horizon was the lowest, at only 0.99. The average C/N ratios in the
soils of the three sampling sites ranked as follows: tundra (14.94) > urban area (10.78) >
abandoned farmland (10.75).

The average soil pH values at the three sampling sites were as follows: tundra (6.13)
= abandoned farmland (6.13) > urban area (5.97). In addition, sand predominated in the
soil texture at the three sampling sites, with the average values as follows: sand (64.81%) >
silt (20.56%) > clay (14.62%). The average sand content values of the three sampling sites
were as follows: urban area (89.94%) > abandoned farmland (59.99%) > tundra (36.77%).
At the sampling site of the urban area, the highest sand content was found in the C horizon.
However, at the sampling site of the tundra, silt predominated in the soil texture, with
average values as follows: silt (37.54%) > sand (36.77%) > clay (25.70%). It should also
be noted that the silt contents in the deep soil layers at the sampling site of the tundra
exceeded that in the surface soil layers.

3.2. Concentrations of Metal Elements in Permafrost-Affected Soils in the Nadym Region

The concentrations of MEs in permafrost-affected soils of the Nadym region are
presented in Table 4. The average concentrations of these MEs varied from less than
0.10 mg kg−1 for Cr and Pb to 9884.30 mg kg−1 for Fe in permafrost-affected soils of the
Nadym region. The average ME concentrations were distributed as follows: Fe > Mn
> Zn > Cr > Ni > Cu > Pb > As. Considering significant coefficients of variation in ME
concentrations, which ranged from 36.22 for Zn to 112.49 for Pb, further analysis of ME
concentrations was carried out in the soils of three different sampling sites.
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Table 4. The concentrations of metal elements (MEs) in permafrost-affected soils in the Nadym region.

Metal Elements (mg kg−1) Mean Max Min CV SD

Fe 5598.86 9884.30 811.50 47.38 2652.94
Mn 91.25 213.90 12.70 74.66 68.13
Zn 12.24 18.90 3.51 36.22 4.43
As 1.26 2.33 0.48 44.42 0.56
Cr ~11.82 27.68 <0.10 ~65.52 ~7.74
Ni 5.85 10.20 1.17 46.26 2.71
Cu 4.54 14.20 0.81 75.64 3.44
Pb ~4.08 17.40 <0.10 ~112.49 ~4.59

As shown in Figure 3, in the tundra, the Fe concentration increased with soil depth,
while Mn and Zn concentrations initially decreased and then increased. Other MEs (As,
Cr, Ni, Cu, and Pb) were characterized by high concentrations in the middle soil horizon
and lower concentrations in both top and deep soil layers. In the abandoned farmland, the
concentrations of Mn, As, and Pb decreased with increasing soil depth. Conversely, Cu
concentration increased with soil depth, following the order C > BF > BC > AO > AYpa,e,
The concentrations of Fe, Zn, Cr, and Ni exhibited a trend of initially increasing and then
decreasing. In urban soils, the concentrations of Fe, Zn, As, Cr, Ni, Cu, and Pb in soil
horizons decreased with increasing soil depth. Moreover, the Mn concentration showed a
trend of first increasing and then decreasing.

The specific effects of various soil properties on MEs in permafrost-affected soils of
the Nadym region are presented in Figure 4. Soil texture was significantly associated
with Fe (R2 = 0.40–0.68, p < 0.05). SOC, TN, and C/N were positively correlated with As
(R2 = 0.38–0.44, p < 0.05). SOC and TN were positively related to Cu (R2 = 0.62 and 0.54,
p < 0.05). C/N had a positive relationship with Pb (R2 = 0.40, p < 0.05).
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soil organic carbon. (e,h). TN—soil total nitrogen. (f,i) C/N—the mass ratio of SOC to TN. **:
significance level of p < 0.01; *: significance level of p < 0.05. The grey shadowed areas represent the
95% confidence interval. Only statistically significant results are shown here.

3.3. Sources of Metal Elements in Permafrost Affected Soils of the Nadym Region

The PMF model was run 20 times to reach the minimum Q value. The signal-to-
noise ratios (S/N) of all MEs were higher than 2, defined as “strong”, indicating the main
indicators derived from the PMF analysis reflected reasonable results. The bootstrap (BS)
method was also applied to evaluate the uncertainty of the PMF analysis. A total of 500 BS
runs were performed, and the BS factor was assigned (R2 > 0.6), indicating the results of
the PMF model were reliable.

Four factors were determined, termed Factor 1, Factor 2, Factor 3, and Factor 4, with
contribution rates of 36%, 23%, 21%, and 20%, respectively (Figure 5a). Among them,
Factor 1 was primarily contributed by Fe (41.50%), Zn (29.13%), As (45.88%), Cr (44.67%),
Ni (53.06%), and Cu (46.42%), Factor 2 was mainly dominated by Fe (38.39%), Mn (56.81%),
Zn (37.06%), and Cu (24.40%), Factor 3 was characterized by Mn (41.98%), Cr (40.21%), and
As (26.56%), and Factor 4 was mainly loaded on Pb (64.34%) (Figure 5b). Fe was positively
associated with Zn (p < 0.05). As was significantly correlated with Cr (p < 0.01). Ni, Cu,
and Pb had positive relationships (p < 0.05) (Figure 5c).
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3.4. Ecological Status Assessment in the Nadym Region

The total percentages of Igeo and EF for PTEs in permafrost-affected soils in the Nadym
region are presented in Figure 6. Firstly, the Igeo values for Zn, As, and Cr were classified
as class 0 (no pollution). The percentage of PTEs, such as Ni, Cu, and Pb with Igeo at class 0
(no pollution), reached 90.91%, while those at class 1 (no contamination to slight pollution)
accounted for 9.09%. Secondly, the values of Zn, As, and Cr with EF were classified as class
1 (no enrichment). The percentage of Ni, Cu, and Pb with EF at class 1 (no enrichment)
ranged from 81.82% to 90.91%, while that at class 2 (moderate enrichment) was between
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9.09 and 18.18%. Therefore, the values of Igeo and EF in the soils of the three sampling sites
were low, and the soils of the Nadym region can be classified as practically uncontaminated.
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Figure 6. Ecological state of potentially toxic elements (PTEs) in permafrost-affected soils of the
Nadym region. (a) Geoaccumulation index (Igeo), Class 0: Igeo ≤ 0 (no pollution) and Class 1:
0 < Igeo ≤ 1 (no contamination to slight pollution). (b) Enrichment factor (EF), Class 1: EF < 2 (no
enrichment) and Class 2: 2 ≤ EF < 5 (moderate enrichment).

The PLI and mCd were applied to assess the ecological state of PTEs’ contamination in
permafrost-affected soils in the Nadym region (Table 5). The PLI values in the soils of the
three sampling sites in the Nadym region were 0.38 ± 0.18 (no pollution). In addition, the
mCd values in the soils of the three sampling sites in the Nadym region were 0.46 ± 0.21
(nil to very low degree of pollution). In addition, RI values ranged from 3.03 to 23.87,
indicating low potential ecological risks (Figure 7). The average values for PTEs were as
follows: Ni (4.52) > As (2.94) > Cu (2.77) > Pb (2.00) > Cr (0.45) > Zn (0.39), indicating low
potential ecological risks in permafrost-affected soils of the Nadym region.
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Table 5. Pollution load index (PLI) and modified contamination degree (mCd) for all potentially toxic
elements (PTEs) in permafrost-affected soils of the Nadym region. PLI < 1: no pollution; mCd < 1.5:
nil to a very low degree of pollution.

Sites PLI mCd

Tundra 0.38 ± 0.23 0.51 ± 0.23
Abandoned farmland 0.42 ± 0.03 0.48 ± 0.02

Urban area 0.30 ± 0.24 0.39 ± 0.33
mean ± SD 0.38 ± 0.18 0.46 ± 0.21

4. Discussion

At sampling sites in the Nadym region, the tundra revealed the highest contents of
SOC and TN. Furthermore, the distribution patterns of SOC and TN in permafrost-affected
soils of the Nadym region were similar. The high contents of SOC and TN in the tundra’s
surface soil layer may be attributed to the high proportion of mosses [35]. Additionally,
the slow rate of peat decomposition and specific soil water contents in permafrost-affected
soils might contribute to higher soil organic matter content [35,36].

Permafrost-affected soils at sampling sites in the Nadym region were classified as
slightly acidic. The acidic nature of permafrost-affected soils in the West Siberian tundra and
forest tundra has been repeatedly noted in several studies [37,38]. Under low temperatures
and excessive moisture, the transformation of plant residues led to the formation of mobile
organic acids, which could penetrate deeply into the crust and soil mineral horizons [39].

The concentrations of MEs in our study area were significantly lower than those in
other Arctic regions (Table 6). Recent studies have also indicated low concentrations of
MEs in the Nadym region [5,40]. This might be due to the low local population (45,584
in 2021). Additionally, the dominance of sandy soils in the Nadym region is a primary
reason for the low concentrations of MEs. Nizamutdinov et al. pointed out that young cities
located on sandy soils were less susceptible to heavy metal pollution [37]. In Salekhard, the
administrative center of Yamalo-Nenets Autonomous District, which is mainly situated on
clay deposits, higher concentrations of Cr and Cu were observed [37]. Meanwhile, on the
Taimyr Peninsula, concentrations of Ni, Cu, and Hg exceeded the average values of the
Russian Arctic, due to its proximity to “Nornickel”, a large Russian nickel and palladium
mining and smelting company in Norilsk [41]. In Yukon, Canada, the concentrations of
Mn, Ni, Cu, and Cd were slightly higher near an actively retreating glacier, possibly due to
atmospheric transport caused by frequent dust storms during the spring and summer [42].
In the Svalbard region of the Norwegian Arctic, variations in ME concentrations may be
explained by crustal influence. Additionally, long-range atmospheric transport led to Hg
deposition and subsequent accumulation in the surface soil of the Arctic [43]. Variations
in ME concentrations in horizons A and B of the soil profile in the central Barents region
reflected the geological complexity of the Arctic territory [44].

Table 6. Comparison between average concentrations of metal elements (MEs) in this study and other
Arctic areas.

MEs Bacground
Value a This Study Salekhard bc Gydan

Peninsula d
Taimyr

Peninsula e Yukon f Spitsbergen g Barents
Region h

Fe 22,300 5599 23,100 23,494 19,400 26,200 10,900/25,800 1970/38,817
Mn 339 91.25 399 533 - 487.10 239/420 126/465
Zn 31 12.24 43/19.44 44.30 86.80 - 66/55 46/25.50
As 4.04 1.26 11.50/8 4.04 2.10 - 3.47/6.60 -
Cr 42 11.82 90.70/92.80 - - - 18.40/42.10 2.91/35.20
Ni 6.34/13 5.85 21.50/15.80 - 29 40.11 12/21.20 9.18/16.10
Cu 8.70 4.54 9.10 - 26.70 40.21 10.20/15.10 9.69/10.50
Pb 9.90 4.08 15.40/17.90 8.24 6.20 6.50 11.09/11.40 18.80/3.05

Notes: a [21]; b [45]; c [37]; d [1]; e topsoil, [41]; f [42]; g surface/mineral soil, [43]; h horizon A/horizon B, [44].
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In this study, Fe was significantly associated with soil texture, and its concentration
was highest in the BF horizon of Histic Cryosols, which has also been documented in
another study [39]. These findings indicated that Fe was influenced by soil texture and soil
type. Meanwhile, other MEs are positively correlated with clay and silt and negatively
associated with sand, indicating that MEs generally have a greater affinity for the finer
fraction and are more prone to drainage and potential leaching in sandy soils [34,46].
Additionally, As and Cu were positively correlated with SOC and TN, indicating that As
and Cu were key MEs of organic matter. The positive correlation between C/N and As
indicated that organic matter could influence As through adsorption and/or chelation [47],
which might explain the higher As concentration in the soil organic horizon observed in
this study.

Factor 1 was primarily contributed by Fe, Zn, As, Cr, Ni, and Cu (29.13–53.06%). The
concentrations of most MEs were low, which has been noted in other studies of the Nadym
region [5,40]. Additionally, the distribution of Fe, Zn, Ni, and Cu showed significant
eluvial and illuvial differentiation in abandoned farmland. These indicate that Factor 1
was likely from geological processes. Factor 2 was mainly dominated by Fe (38.39%), Mn
(56.81%), Zn (37.06%), and Cu (24.40%). Related studies have revealed that MEs can be
transported with aerosols over thousands of kilometers to Arctic regions [13,15,26]. Thus,
Factor 2 in the Arctic was likely attributed to long-range atmospheric transport. Factor 3
was characterized by Mn (41.98%), Cr (40.21%), and As (26.56%). The concentrations of
Mn, Cr, and As were elevated in the surface soil layers of abandoned farmland, and Cr was
significantly correlated with As (p < 0.01). Additionally, phosphate fertilizers contained
high concentrations of Mn, Cr, As, and Pb, and previous agricultural activities might lead
to the accumulation of these MEs [48,49]. Factor 4 was mainly loaded on Pb (64.34%). At
urban sampling sites, Pb concentrations were highest in the surface soil layers. Additionally,
Pb in the Nadym region was proven to primarily originate from vehicle emissions [50].
Therefore, factor 4 can be interpreted as the transportation.

The results of the PLI and mCd indicated low potential ecological risks in the Nadym
region. Among them, 9.09% to 18.18% of Ni, Cu, and Pb exhibited moderate enrich-
ment. The PMF analysis showed that Pb (64.34%), Ni (25.06%), and Cu (22.08%) primarily
originated from transportation sources. Additionally, Cu (24.40%) and Ni (10.25%) were
attributed to long-range atmospheric transport. Therefore, despite the low potential ecolog-
ical risks in the Nadym region, the potential ecological risks of Pb, Ni, and Cu still need
to be given attention. Additionally, recent studies indicated that slight variations in ME
concentrations could exceed threshold concentration in organisms [5]. More research is
needed in the future to further investigate the ecological status of the Nadym region.

5. Conclusions

In summary, the average contents of SOC and TN in Histic Cryosols of tundra (8.59%
and 0.27%) were significantly higher than those in Plaggic Podzols (Arenic, Gelic, and
Turbic) of abandoned farmland (2.28% and 0.15%) and in Ekranic Technosols (Umbric) of
urban area (1.32% and 0.09%). Additionally, the concentrations of most MEs (except for Zn)
were higher in the AO horizon of the tundra. In abandoned farmland, the distribution of
Fe, Zn, Ni, and Cu showed eluvial and illuvial differentiation, with higher concentrations
in mineral horizons than in surficial organic layer, while Mn, As, and Cr accumulated in the
topsoil. In urban areas, the concentrations of nearly all MEs decreased with increasing soil
depth. Four sources of MEs were identified by the PMF model and correlation analysis, with
contributions from geological processes (36%), atmospheric transport (23%), agricultural
activities (21%), and transportation (20%). Among these, 41.50% to 53.06% of Fe, As, Cr, Ni,
and Cu likely originated from geological processes; 24.40% to 56.81% of Fe, Mn, Zn, and
Cu were derived from atmospheric transport; 26.56% to 41.98% of Mn, Cr, and As were
attributed to agricultural activities; and 64.34% of Pb was likely sourced from transportation.
The low values of Igeo, EF, PLI, mCd, and RI for PTEs indicated that permafrost-affected
soils in the Nadym region were mainly in a practically uncontaminated state. This study
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reveals the accumulation patterns and source apportionment of MEs in permafrost-affected
soils in the Nadym region of the Yamalo-Nenets Autonomous District and provides a
scientific basis for further research on ecological security in local permafrost regions.
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