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Abstract: Urban soils are the most vulnerable component of the current terrestrial ecosystem. Due to
the anthropogenic influence, various pollutants can accumulate in the soils and have a negative effect
on the health of citizens. As a result of the degradation of permafrost landscapes, the disappearance of
a number of natural ecosystems, as well as urban areas, is possible. In the course of the development
of thermokarst processes, problems arise in the urban environment with the destruction of urban
buildings and a decrease in agricultural areas. The ecosystem of Yakutsk city is located in the
valley of the Lena River and represents the largest urbanized terrestrial biotope, located in the
permafrost-affected bioclimatic and geogenic conditions. This work represents relevant datasets
on the physico-chemical, toxicological and agrochemical state of soil cover components in various
functional zones of the city. An 3excess of the maximum threshold levels for Zn was noted in the area
of active mining within the city borders. From the data obtained of pollution state, the most polluted
zone of Yakutsk city is the quarry complex located in relative proximity to the city. In other studied
areas of the city, there is no excess of permissible threshold levels for trace elements. According to
agrochemical analysis, in Yakutsk city, there is a relatively low content of available agrochemical
elements in comparison with other cities located in the permafrost-affected zone.

Keywords: trace elements; agrochemical properties; pollution status; permafrost soil; Podzols

1. Introduction

The role of soil in an urbanized ecosystem is significant and varied [1,2]. Soil is the
main component of the urban ecosystem, in which the air, water and bioinert components
of the environment interact [3,4]. Implementing important environment-forming functions,
the soil changes the chemical composition of atmospheric precipitation and groundwater,
it is a universal sorbent, a supplier and regulator of the content of carbon dioxide, oxygen,
nitrogen in the air [5]. Due to its specific properties, the soil largely determines the
conditions of human life in the city, performing sanitary and recreational functions [6,7].
The sanitary and hygienic functions of the soil are very important, since it is a good
antiseptic, self-cleaning from pathogenic microorganisms, decomposing organic residues
and metabolic products of living organisms [8,9].

Current soil formation in cities takes place on the cultural soil layer, which is formed
due to urbanization of cities and on soils unchanged by soil formation or human influ-
ence [1,2]. River floodplains are one of the young and dynamic areas on the Earth’s
surface [10]. Floodplain soils are found in the newest and recently formed regions (coastal
shoals and overgrown ponds) and have a relatively large age range [10]. In permafrost-
affected regions, several processes, such as cryogenesis associated with climatic features
and the presence of permafrost, and floodplain material transfer (annual flooding), influ-
ence soil formation [11]. The flooded areas are landscapes with expressed geochemical
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activity [12]. This explains the high intensity of the soil-forming process in floodplain land-
scapes [13]. Biological activity and dynamics of chemical and biogeochemical processes
determine the fertility of floodplain soils [10].

Most of the coasts of the circumpolar basin in Asia are formed in the permafrost-
affected regions [14]. Large northern rivers (Ob, Yenisei, Khatanga, Anabar, Lena, Yana,
Kolyma) have a great impact on the Arctic Ocean [7]. This is because rivers are one of
the main suppliers of organic and inorganic carbon, trace elements and polyromantic
hydrocarbons [10,15,16]. Thus, a huge amount of saturated organic material and pollutants
enter the Arctic Basin, which is then transformed by marine organisms and participates in
the global biogeochemical cycle [17,18].

Nowadays, close attention is riveted to the circumpolar belt due to the intensive rate
of landscape transformation in the context of the predicted climatic crisis [19,20]. Intense
degradation of permafrost and the release of nutrients from the frozen state can lead to an
increase in greenhouse gas emissions into the atmosphere, as well as the disappearance
of a part of the landscapes that will be subject to active atmospheric influence [18,21].
The permafrost zone includes up to 70% of the area of Russia [7]. The largest permafrost
area is located within Siberia and the Far East of Russia—46%. A characteristic feature
of permafrost-affected soils is their temperature regime, in particular, high temperature
drops depending on seasonal temperature fluctuations [22,23]. In the circumpolar region,
the topsoil temperature can drop to −30 ◦C in winter and not exceed 10 ◦C in the summer
months. These thermal conditions decrease biological activity, the rate of chemical processes
and weathering [24,25]. The annual temperature gradient (from unfrozen to freezing
conditions) provides a mechanism for the movement of water in the soil, the formation of
ground ice and the occurrence of cryogenic processes. Although soil temperature is directly
related to air temperature, factors such as vegetation cover, soil moisture, particle-size
distribution, snow cover thickness and permafrost table indirectly affect soil formation
processes [26].

As a result of the influence of cryogenesis and permafrost on vegetation, develop-
ment of vascular plants is inhibited, conditions are created for the development of marsh
vegetation, shrubs and tundra [14]. On the other hand, condensation of water vapor in
permafrost-affected soils is a significant source of water supply for plants [27]. The devel-
opment of shrubs in vegetation cover contributes to the accumulation of snow, reduces
cooling, freezing and cracking, and the development of mosses causes a decrease in heating,
thawing and weakens the physical properties of soils [11,27].

The problem of the rational use of cryogenic soils has become especially important in
context connection with the intensive development of the Far North, Siberia and the Far
East of Russia [28]. In permafrost-affected soils, it is necessary to develop new methods
of construction and agriculture use [28]. As a result of the development of the territory,
degradation and aggradation of permafrost are possible, causing changes in the position
of permafrost table in the soil profile and changes in the duration and seasonal freezing-
thawing depth [8]. In a course of construction and agriculture in permafrost-affected soils,
the following tasks should be carried out: comprehensive land reclamation, increasing
bioproductivity, predicting changes in the soil cover, as well as land protection [29]. The
leading direction in land protection of permafrost-affected regions is the forecasting of
changes in the soil cover, and it is carried out for specific production benefits. Long-
term processes of land transformation can lead to flood negative phenomena in soils
exposed to the influence of permafrost [30]. The most characteristic changes are subsidence
phenomena, which lead to waterlogging and the formation of a network of small lakes, or,
with good drainage, to the formation of a residual polygonal relief due to the thawing of
ice veins in the soil [31,32]. An important direction in the field of land appraisal located in
permafrost-affected soils is the appraisal of land for their further use for various needs [8].

In terms of the main chemical parameters, the urban soils differ significantly from
their natural analogs [1]. The acidity of urban soils varies widely, but at the same time, soils



Energies 2021, 14, 3819 3 of 16

with a neutral or slightly alkaline environment prevail [1,33]. This is due to the entrance of
calcium and sodium chlorides into the soil through surface runoff and drainage water.

Nowadays, the territory adjacent to the city of Yakutsk and Lena River has been
studied quite widely, in term of the active development of soil cryogenesis in this re-
gion [23,25,34–36], while there are a few works aimed at studying the quality of soils in
the city [36,37]. The pathogenic microflora of soils [38], the content of trace elements were
studied [36,37], the research data were of a point nature and cannot characterize the state
of the soils of the city as a whole, there are no works related to the calculation of risks for
the city’s population.

The soils that form in the urban ecosystem play the role of the basic component [3,7,39].
There takes a place a biogeochemical transformation of the cultural layer and the trans-
formation of surface waters into ground waters, which are a nutrient substrate for plants.
Urban soils perform many ecological functions, the main ones of which are: suitability for
the growth of vegetation cover, the ability to absorb pollutants and keep them from the
groundwater, as well as the influence of dust on the atmospheric air [16,39]. Thus, the aim
of the work is a comprehensive characterization of the soils of various functional zones of
the city of Yakutsk and the adjacent territory. To achieve this aim, the following objectives
have been set:

- to determine the basic physical and chemical characteristics of the soils of Yakutsk
and the adjacent territory

- to identify the content of the main agrochemical parameters in the soils of Yakutsk
and the adjacent territory

- to evaluate the degree of soil pollution in Yakutsk and the adjacent territory with
priority toxicants.

2. Materials and Methods

2.1. The Study Area

The city of Yakutsk is located in the Tuymaada valley on the left bank of the Lena River
on modern alluvial deposits with an admixture of pebbles, in its middle course [36]. The
area of the city is 122 km2. Yakutsk is the largest Russian city located in the permafrost zone.
The city is located on a flat area, on the territory of Yakutsk there are large floodplain lakes:
Beloe, Saisary, Teploe, Taloye, Khatyng-Yuryakh, Sergelyakh. The left bank of the river is a
scarp up to 100 m high, covered with pine-larch taiga. One of the peaks is represented by
the Chochur-Muran Mountain. The central part of Yakutsk is separated from the Lena River
by a wide grassy plain and is flooded during high water. The climate is sharply continental,
with little annual precipitation (237 mm). The average annual temperature of air is −8.8 ◦C.
The temperature of the warmest month (July) is 38.4 ◦C. The temperature of the coldest
month (January) is −41.5 ◦C [36]. The formation of the relief is greatly influenced by
permafrost, the thickness of permafrost ranges from 180 to 400 m. On average, the seasonal
thawing depth is 1.1–1.5 m; on sandy soils of southern slopes, it can reach up to 3 m. The
city is located on modern alluvial deposits (aIV) [36].

2.2. Sampling Strategy

In the city of Yakutsk, soil samples were collected during the 2019 summer field
season. The samples were taken in various functional zones of the city: a recreational
zone (central park), a quarry complex, the left bank of the Lena River (Chochur-Muran
Mountain), modern alluvial territories (city beach) and fallow lands in the south of the city
(Figure 1).
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Figure 1. The study area. Yakutsk city. (a)—quarry complex, (b)—Chochur-Muran mountain, (c)—modern alluvial terri-
tories, (d)—recreational zone, (e)—fallow lands. The soil ID correspond to Table 1. 

During the work, 12 soil sections were made (Figure 2). 

Figure 1. The study area. Yakutsk city. (a)—quarry complex, (b)—Chochur-Muran mountain, (c)—modern alluvial
territories, (d)—recreational zone, (e)—fallow lands. The soil ID correspond to Table 1.
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Table 1. Description of study soils. Yakutsk city.

Soil ID Depth, cm Horizon * Location Description Soil Name ** Coordinates

Recreational zone

1
0–5 Ah The central

park of Yakytsk,
non-forest zone

Accumulation
of organic matter Podzol N 62◦02′14.55”

E 129◦42′20.14”
5–17 Bt Illuvial accumulation

of clay

2

0–3 Ah
The central park of
Yakytsk, forest zone

Accumulation
of organic matter

Podzol N 62◦02′15.11”
E 129◦42′23.47”3–4 E Leaching of clay, lighter

than underlying horizon

4–14 Bt Illuvial accumulation
of clay

14–17 Bg Accumulation of iron

3
0–4 Ah

Chochur-Muran hill
Accumulation of
organic matter Podzol N 62◦02′50.31”

E 129◦37′31.59”
4–30 Bt Illuvial accumulation

of clay

4
0–23 Ah

Chochur-Muran hill
Accumulation of
organic matter Podzol N 62◦02′44.70”

E 129◦37′29.75”
23–67 Bt Illuvial accumulation

of clay

Residential zone

5
0–8 Ah Modern

alluvial areas

Accumulation of
organic matter Fluvisol N 62◦02′17.77”

E 129◦45′26.06”
8–15 Bt Illuvial accumulation

of clay

6
0–8 Ah Modern alluvial

areas, city beach

Accumulation of
organic matter Fluvisol N 62◦02′03.18”

E 129◦45′57.03”
8–26 Bt Illuvial accumulation

of clay

Industrial zone

7
0–7 Ah Southeast side of the

sand quarry

Accumulation of
organic matter Podzol N 62◦05′11.21”

E 129◦41′19.44”
29–56 Bt Illuvial accumulation

of clay

8
0–10 Ah Southwest side of the

sand quarry

Accumulation of
organic matter Podzol N 62◦05′10.42”

E 129◦41′02.32”
30–73 Bg Illuvial accumulation

of clay

9
10–24 Bt1 South side of the

sand quarry

Illuvial accumulation
of clay Podzol N 62◦05′08.56”

E 129◦41′08.52”
50–74 Bt2

Illuvial accumulation of
clay and iron

10
0–10 C The bottom

of rhe quarry

Parent rock little affected
by pedogenetic processes Leptosol N 62◦05′10.82”

E 129◦41′15.94”10–20 Cg Accumulation of iron

Fallow zone

11
0–20 Ah Abandoned soils

of Yakutsk

Accumulation of
organic matter Umbrisol N 61◦49′27.91”

E 129◦31′40.26”
20–50 Bh Accumulation of organic

matter by illuviation

12 0–20 Ah Adjacent territory to
abandoned soils

Accumulation of
organic matter Umbrisol N 61◦49′30.10”

E 129◦31′37.95”

* Guidelines for soil description [41]. ** Soil classification WRB [40].
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During the work, 12 soil sections were made (Figure 2).
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Figure 2. Soil profiles from the Yakutsk city and the adjacent territory. The soil ID correspond to Table 1.

Depending on the soil formation conditions, the following soil types were identified:
Podzols, Umbrisols, Leptosols and Fluvisols [40] (Table 1).

2.3. Laboratory Analysis

All samples were dried at the +25 ◦C at the Department of Applied ecology of Saint-
Petersburg state university and then sieved through 2-mm sieve. The pH was determined
by pH-meter in H2O and CaCl2 suspensions with fine-earth: solution ratio 1:2.5 for mineral
fine earth and 1:25 for organic substrata. The carbon content (C) was determined by
dichromate oxidation–titration method [42]. The particle-size distribution analysis was
carried out according to the Kachinsky “wet sedimentation” method, which is the Russian
analog of analysis by Bowman [43]. Main agrochemical characteristics such as mobile
phosphorus and potassium were determined using the standard procedures according to
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GOST [44], which is based on extracting mobile phosphorus (P2O5) and potassium (K2O)
compounds from the soil with a hydrochloric acid solution and quantitatively determining
the phosphorus and potassium content. Available forms of nitrogen (NO3) were determined
according to ISO 14256-1 [45], which first extracts exchangeable ammonium (N-NH4) from
the soil with a potassium chloride solution and then photometrically measures the colored
solution. Trace elements content was determined by flame and electrothermal atomic
absorption spectrometric method according to the standard ISO 11047-1998 at Atomic
absorption spectrophotometer Kvant 2M (Moscow, Russia). Extraction of trace elements
was carried out by the acid-soluble method in a solution of 5M HNO3 [46].

2.4. Data Processing

To qualitatively assessing of soil contamination with trace metals, we used a number
of complex and individual indices. Single pollution index (PI) is used to calculate some
other soil pollution indices, such as Pollution load index (PLI) and potential ecological risk
(RI) [47]. The generic formula is as follows:

PI =
Cn
GB

(1)

where, Cn–the content of heavy metal in soil and GB–values of the geochemical background.
Pollution load index (PLI), it is calculated as a geometric average of PI values [47].

The generic formula:
PLI = n

√
PI1 × PI2 × PI3 × . . . PIn (2)

where: n–the number of analyzed metals and PI–calculated values for the single pollu-
tion index.

Potential ecological risk (RI) is used to estimate the degree of ecological risk associated
with detrimental effects of trace metals [48]. The generic formula as follows:

RI =
n

∑
i=1

Ei
r (3)

where: n–the number of heavy metals and Er-single index of the ecological risk factor
calculated based on the formula:

Ei
r = Ti

r × PI (4)

where: Tr–the toxicity response coefficient of an individual metal (Ni, Pb, Cu-5; Zn-2) [17]
and PI–calculated values for the single pollution index.

All of the applied indices have their own evaluation scales, which are shown in Table 2.

Table 2. Evaluation scales of used indexes [47,48].

PI PLI RI

Value Soil pollution Value Pollution status Value Potential Ecological
Risk

PI < 1 Absent <1 Denote perfection <90 Low
1 < PI < 2 Low 1 Only baseline levels of pollution 90–180 Moderate
2 < PI < 3 Moderate >1 Deterioration of soil quality 180–360 Strong
3 < PI < 5 Strong 360–720 Very strong

PI > 5 Very strong ≥720 Highly strong

The Statsoft Statistica 12.0 and GraphPad Prizm 9.0.0 software was used for statistical
processing and data visualization.
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3. Results and Discussion

3.1. The Physic-Chemical Characteristic of Study Soils

The soils of the city of Yakutsk are characterized by an acidic, neutral and alkaline pH
reaction (Table 3). The relatively high range is due to the high heterogeneity of the territory.
The highest pH values are in the area of fallow lands, which is apparently associated with
alkalization of the territory [33]. During the hot summer period, the cations are pulled up
to the soil surface [49]. In this area, the presence of an irrigation system was noted, which
existed during the times of the USSR and the functioning of the agricultural complex, after
the collapse of the USSR, this territory was abandoned [33]. The presence of an alkaline
environment is also confirmed in the data obtained by other researchers in the urban
environment [3,36,39]. The lowest pH values are confined to the area of the quarry, this
may be due to the acidic reaction of the parent material. On average, the reaction of the soil
is characterized by a neutral reaction, which is associated with a weak process of podzol
formation in the studied soils and a low amount of atmospheric precipitation. The highest
carbon content is characteristic of natural soils on Chochur-Muran Mountain, which is
associated with the active accumulation of litter and its transformation during humification
in the upper soil horizons. The lowest organic carbon content was determined in the Bt
horizon in the soil of Yakutsk Park. On average, the soil accumulates up to 2.4% of organic
carbon. The low humidity of the territory prevents the active processes of humification
and the activity of the soil biota [5]. Indicators of organic carbon content outside the
city are higher, which is associated with more active processes of accumulation of litter
material [50].

Table 3. The physic-chemical characteristic of study soils. The soil ID correspond to Table 1. SOC, %—soil organic carbon;
SD—standard deviation; CV—coefficient variation.

Soil ID Depth Horizon
pH

SOC,%
Particle-Size Distribution, %

H2O CaCl2 Clay Silt Sand

Recreational zone

1
0–5 Ah 7.29 n.d. 1.5 2 26 72
5–17 Bt 5.90 5.36 1.2 5 14 81

2

0–3 Ah 7.34 n.d. 3.3 1 24 75
3–4 E 7.31 n.d. 2.7 1 24 75
4–14 Bt 7.28 n.d. 1.8 1 33 66

14–17 Bg 7.04 n.d. 1.5 6 44 50

3
0–4 Ah 7.42 n.d. 2.7 14 34 52
4–30 Bt 7.56 n.d. 2.4 20 20 60

4
0–23 Ah 7.32 n.d. 4.2 6 47 47

23–67 Bt 6.08 4.84 4.2 16 38 46
Residential zone

5
0–8 Ah 7.50 n.d. 2.4 7 14 79
8–15 Bt 7.43 n.d. 1.2 11 3 86

6
0–8 Ah 6.40 5.59 2.4 1 10 89
8–26 Bt 6.92 n.d. 2.4 12 7 81

Industrial zone

7
0–7 Ah 7.03 n.d. 3.6 1 11 88

29–56 Bt 6.33 5.31 3.6 10 5 85

8
0–10 Ah 6.86 6.05 3.3 5 17 78

30–73 Bg 5.97 5.57 2.4 10 33 57

9
10–24 Bt1 6.02 5.25 3.0 3 30 67
50–74 Bt2 6.20 5.79 1.5 11 6 83

10
0–10 C 3.64 3.42 1.7 1 60 39

10–20 Cg 3.94 3.37 1.5 17 27 56
Fallow zone

11
0–20 Ah 8.55 n.d. 2.7 7 39 54

20–50 Bh 8.53 n.d. 1.9 8 45 47
12 0–20 Ah 4.67 3.88 1.3 2 43 55

Min 3.64 3.37 1.2 1 3 39
Max 8.55 6.05 4.2 17 60 96

Mean 6.66 4.94 2.4 5 26 69
SD 1.21 0.95 0.9 5 15 17
CV 18.1 19.2 37.1 106 58 25
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From the analysis of the particle-size distribution, it was noted that soils develop
according to the podzolic type of soil formation with accumulation of smaller particles
(clay, dust) [50]. In modern reclaimed soils, an increase in the proportion of clay particles in
the underlying horizons is observed. In fallow lands (No. 11), an increase in the proportion
of clay and dust particles along with humus is observed, since humus is more involved in
the structure of smaller particles due to their larger area [49].

3.2. The Agrochemical Characteristic of Study Soils

According to the data obtained in the soils (Table 4, Figure 3), there is a relatively low
level of nutrients in comparison with the fallow lands in the city of Salekhard [33], which
is also located in the permafrost zone and on the alluvial soil with the presence of fallow
land. The highest content of P2O5 is observed in soils at the foot of the Chochur-Muran
Mountain, this may be due to the surface transfer of mobile forms of nutrients and their
accumulation at the foot of the mountain. This trend can be seen in samples from the
bottom of the quarry. In fallow soils, the phosphorus content is relatively high among the
studied soils. A significant portion of the available soil phosphorus is present in organic
matter. In alkaline soils, the solubility of phosphorus depends on the amount of available
calcium in soil. Calcium is a major element in alkaline soils and reacts with HPO4

2- in the
form of calcium phosphate (CaP2O7). Calcium phosphate in an alkaline environment has
low solubility, thus, less available to plants. Soils removed from agriculture are able to
retain their properties for a long time [51].

Table 4. The agrochemical parameters of study soils in Yakutsk city. The soil ID correspond to Table 1. SD-standard
deviation; CV-coefficient variation.

Soil ID Depth, cm Horizon
P-P2O5 K-K2O N-NH4 N-NO3

mg × kg−1

Recreational zone

1
0–5 Ah 46 174 19.2 0.83

5–17 Bt 97 83 11.5 0.35

2

0–3 Ah 107 239 28.7 0.58
3–4 E 71 161 25.5 0.58

4–14 Bt 53 110 15.7 0.64
14–17 Bg 46 92 14.7 0.45

3
0–4 Ah 185 276 16.6 2.82

4–30 Bt 127 110 7.4 0.64

4
0–23 Ah 334 225 15.6 0.89
23–67 Bt 410 142 9.48 0.19

Residential zone

5
0–8 Ah 143 285 23.9 0.11

8–15 Bt 183 37 6.7 0.22

6
0–8 Ah 212 46 9.1 0.67

8–26 Bt 191 23 7.1 1.57
Industrial zone

7
0–7 Ah 13 74 12.7 2.24

29–56 Bt 11 48 7.2 1.15

8
0–10 Ah 9 96 11.3 1.54
30–73 Bg 6 28 7.1 0.51

9
10–24 Bt1 10 60 9.7 1.06
50–74 Bt2 4 28 7.7 1.15

10
0–10 C 399 32 12.9 0.96
10–20 Cg 313 83 11.3 0.11

Fallow zone

11
0–20 Ah 369 372 13.3 0.89
20–50 Bh 279 147 7.9 1.98

12 0–20 Ah 130 188 20.1 0.58
Abandoned soils of Salekhard [33] 783 469 33.7

Min 4.27 23 6.7 0.11
Max 410 372 28.7 2.82

Mean 150 126 13.3 0.89
SD 133 93 6.2 0.68
CV 88 74 46.4 76.6
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The K-K2O content in the studied soils is also lower than in the soils of the city of
Salekhard [33]. The highest potassium content is observed in the fallow soil. It is connected
with agrotechnical measures that were carried out earlier. The physiological functions of
potassium in the plant organism are varied. It has a positive effect on the physical state of
cytoplasmic colloids, increases their water content, swelling and viscosity, which is of great
importance for the normal metabolism in cells, as well as for increasing plant resistance to
drought [52].

Nitrogen in soils is found mainly in an organic form inaccessible to plants. Under the
influence of biological processes, organic nitrogen partially transforms into mineral forms
easily assimilated by plants [53]. The decomposition of nitrogen organic matter in the soil
to ammonia (ammonification) is carried out by aerobic and anaerobic microorganisms.
Ammonia, which accumulates under anaerobic conditions, is absorbed by soil colloids
and can be absorbed by plants [54]. Under aerobic conditions, ammonia, under the
influence of specific microorganisms, is converted into nitrites and then oxidized to nitrates
(nitrification). A certain amount of mineral nitrogen enters the soil with precipitation.
Atmospheric nitrogen is also assimilated by individual microorganisms and by nodule
bacteria of leguminous plants. In a neutral environment, the effect of ammonia nitrogen
is usually better than nitrate nitrogen. For the synthesis of organic substances, plants use
ammonia nitrogen faster than nitrate nitrogen. The advantage of ammonia nutrition in
comparison with nitrate nutrition is that ammonia nitrogen is closer to the products of the
synthesis of nitrogen-containing substances in plants [51]. The studied soils predominantly
accumulate the ammonia form of nitrogen. The highest content is noted in the litter of
natural soils in the park zone.

In the floodplains areas of the city, the accumulation of K-K2O, N-NH4 and N-NO3
occurs to a lesser extent. Modern hydrostructures are rather slowly involved in soil
formation. Low levels of carbon content, nutrients cause low buffering (resistance to
external factors) of such soils, so can accumulate more pathogenic organisms and priority
toxicants [51]. Therefore, on alluvial soils, before involving them in various types of work,
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it is necessary to carry out reclamation measures [55]. In the course of land reclamation,
the structure as well as the buffering capacity of such lands is improved [33].

The results of the analysis of variance ANOVA showed no significant differences in
the content of nutrients in soils between the different functional zones. Fisher’s F-criterion
and p-values show the absence of statistically significant differences in the mean values
of nutrient concentrations. The p-values obtained in the results of statistical analysis
considerably exceed the critical value of 0.05. This indicates the absence of significant
statistical differences in the mean values of the content of nutrients between the studied
functional zones.

3.3. The Content of Trace Elements of Study Soils

In the studied soils, an excess of the maximum permissible concentration for Zn
is stated (Table 5, Figure 4). The most contaminated soils are formed at the bottom of
the quarry complex. This is due to the fact that the bottom of the quarry is a place of
accumulation of pollutants by rainwater. Among the studied soils, the highest indicators
for copper, zinc, nickel and cadmium are observed. High indicators of these substances can
also be associated with the activity of mining equipment, at the time of the sampling of the
material, transport activity was noted in the quarry complex [7]. Other studied soils are
less susceptible to pollution and do not exceed the maximum permissible concentration.
The data obtained correspond to the previously obtained results [35,37]. It was noted that
the highest lead content is observed in the upper (Ah) horizon in the city’s park zone, while
it does not exceed the MPC.

Table 5. The content of trace metals it the studied soils.

Soil ID Depth Horizon
Cu Pb Zn Ni Cd

mg × kg−1

Recreational zone

1
0–5 Ah 2.2 5.04 28 5.8 0.006

5–17 Bt 1.8 1.44 18 6.9 <0.005

2

0–3 Ah 5.9 17.7 61 13.1 <0.005
3–4 E 4.8 16.6 57 11.7 <0.005

4–14 Bt 3.9 6.76 39 11.6 <0.005
14–17 Bg 4.2 3.54 33 12.6 <0.005

3
0–4 Ah 2.2 3.02 23 2.8 <0.005

4–30 Bt 0.4 0.84 7 2.5 <0.005

4
0–23 Ah 4.5 4.79 41 7.6 0.064
23–67 Bt 7.7 3.72 33 7.3 <0.005

Residential zone

5
0–8 Ah 11.3 7.34 46 10.5 <0.005

8–15 Bt 0.2 0.08 5 1.7 <0.005

6
0–8 Ah 3.2 1.93 23 9.3 <0.005

8–26 Bt 1.1 0.29 11 5.6 <0.005
Industrial zone

7
0–7 Ah 2.9 2.45 23 6.2 <0.005

29–56 Bt 1.7 <0.01 3 3.2 <0.005

8
0–10 Ah 1.4 1.81 22 4.5 <0.005
30–73 Bg 0.3 <0.01 3 0.5 <0.005

9
10–24 Bt1 4.2 2.05 18 8.9 <0.005
50–74 Bt2 1.9 0.26 7 7.1 <0.005

10
0–10 C 17.7 15.21 79 17.8 0.144
10–20 Cg 9.7 10.21 45 7.5 <0.005

Fallow field

11
0–20 Ah 5.5 4.1 28 12.4 <0.005
20–50 Bh 7.8 4.6 32 15.3 <0.005

12 0–20 Ah 3.1 2.93 16 6.4 <0.005
MPC 33 32 55 20 0.5

Abandoned soils of Yakutsk [37] 3.9 5.89 7 2.5 -
Arable soils of Yakutsk [37] 4.4 3.60 4 2.8 -

Min 0.2 0.01 3 0.5 <0.005
Max 17.7 17.7 79 17.8 0.144

Mean 4.4 4.66 28 7.9 -
SD 4.1 5.12 19 4.3 -
CV 91.5 109.7 68 55 -
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No statistically significant differences in the mean values of trace metal concentrations
at the p = 0.05 significance level were found (Figure 4). However, even these p-values are
considerably higher than the critical significance level of 0.05, which does not allow us to
recognize the significance in the differences in the mean values of metal concentrations
in the studied urban functional zones. It is worth noting that the minimum p-values,
according to the results of the analysis of variance, were obtained for Pb and Zn.

Alluvial soils, and urban soils as a whole, are the most vulnerable areas of the urban
environment [3,4]. Soils are capable of accumulating a significant amount of various
pollutants, such as PAHs, trace elements, and pathogenic microflora [39]. In areas not
affected by permafrost, these elements are able to migrate into the underlying soil horizons
and groundwater, thus being carried out of the urban environment and participating in
indirect pollution of adjacent territories [16]. Under the influence of permafrost processes
in the soil, priority toxicants are not removed from the soil, but buried at the permafrost
table [7,15]. Under the influence of the cryogenic factor of soil formation, under the
influence of cryoturbations, pollutants are able to migrate from the lower horizons to the
upper ones and vice versa [16,17]. Under the conditions of climate change, indirect damage
to the adjacent territories of the city is possible during the degradation of permafrost and
the entrance of toxic substances into groundwater and the Lena River [7].

3.4. Soil Pollution State

To qualitatively assess the level of contamination of the studied soils with trace
metals, the values of several individual and complex indices were calculated. When
calculating the PI index as background concentrations of metals were used concentrations
from the recreational zone of the vicinity of Yakutsk (Soil ID-3). Background trace metals
concentrations are equal: Cu-2.6; Pb-3.02; Zn-23.5; Ni-2.81.

As can be seen from Table 6, PI index values are highly differentiated between metals
and functional zones. The highest values were obtained for the industrial zone, here the
level of soil contamination Cu, Pb and Ni is assessed as very strong, Zn contamination is
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assessed as strong. It is also worth noting the very strong level of Pb and Ni pollution in
the recreational zone and Cu pollution in the residential zone.

Table 6. Qualitative assessment of contamination in topsoil horizons. The soil ID corresponds to Table 1.

Soil ID

PI PLI RI

Cu Pb Zn Ni Value Pollution
Status Value Potential

Ecological Risk

Recreational zone
1 1 2 1 2 1 BL 26 Low
2 3 6 3 5 48 DSQ 71 Low
4 2 2 2 3 4 DSQ 35 Low

Residential zone
5 5 2 2 4 23 DSQ 61 Low
6 1 1 1 3 1 BL 29 Low

Industrial zone
7 1 1 1 2 1 BL 24 Low
8 1 1 1 2 0 DP 16 Low
9 8 5 3 6 219 DSQ 105 Moderate

Fallow zone
10 3 1 1 4 5 DSQ 44 Low
11 1 1 1 2 1 BL 25 Low

DP—denote perfection, BL—only baseline levels of pollution, DSQ—deterioration of soil quality.

The complex assessment of soil quality in terms of total metal contamination revealed
that study soils are subjected to significant anthropogenic load. The results of the calculation
of the PLI index show that almost half of the investigated soils are in the process of
deterioration of soil quality. Although soils are in the process of deteriorating their quality,
the level of potential environmental risk (RI) is at a low level for all of the studied soils,
except for one sample in the industrial zone, here the level of environmental risk is assessed
as moderate.

The passing of “Strategy for the socio-economic development of the Republic of
Sakha (Yakutia) for the period up to 2030 with the definition of a target vision until
2050” [28] provides for the large-scale development of the industry of the Republic of Sakha
(Yakutia). Therefore, it can be assumed that in the next decade there will be a significant
increase in the anthropogenic load on the permafrost ecosystems of the North [34]. The
construction and operation of the Eastern Siberia-Pacific Ocean (ESPO) pipeline system
is inevitably associated transformation of natural ecosystems of southern Yakutia [56].
The construction of this system will take place along the drainage basin of the Lena River
and other large rivers, thus anthropogenic impact can spread along rivers, channels and
cities [34]. The most vulnerable functional zone is the alluvial territories of the city, due
to the low biological activity and stability, an active accumulation of priority toxicants
of anthropogenic origin can occur here [3,7,35]. Today, alluvial areas are used as a city
beach, as well as a residential zone, which could potentially affect the health of the local
population. A distinctive feature of soils developing in the permafrost zone is their low
sorption capacity [16]. In soils, there is an accumulation of priority toxicants, polyromantic
hydrocarbons, as well as oil products, which, due to their low biological activity, can persist
here for a long time [4,7,16].

Previously carried out works focused on the study of agricultural areas of the city [23],
quarry complexes of the region [57] and pathogenic soil microflora [38]. In our work,
we managed to analyze the pollution of the city’s soils, determine their agrochemical
characteristics and identify potential risks for public health. The limitations of this work
are the lack of knowledge in the development of urban soils in permafrost conditions. The
obtained data can provide information on current events, while in non-permafrost areas,
it is possible to predict the development of the soil cover [1,2,4,39]. Therefore, the results
obtained can make a significant contribution to the development of science in this direction.
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4. Conclusions

As a result of the work, the soils of various functional zones of the polar greatest
city (residential, recreational, industrial and fallow lands) were studied. Were identified
4 types of soil developing in these areas. The zonal type of soil is Podzols in recreational
and industrial zones. Fluvisols are developing in the alluvial areas (residential). Umbrisols
are formed on the fallow lands of the city. According to the agrochemical analysis, a
relatively low content of nitrogenous compounds (up to 28 mg × kg−1 N-NH4 and up to
2 mg × kg−1 NO3) is noted in soils, up to 410 mg × kg−1 P2O5 accumulates in the soils of
the recreational zone and up to 372 mg × kg−1 K2O in fallow lands. Based on the data
obtained from the analysis of the territory pollution with trace elements, it was revealed
that the MPC level for Zn (79 mg × kg−1) was exceeded in the quarry complex of the
city. For other studied elements (Cu, Pb, Ni and Cd), no excess was found. As a result of
calculating pollution indexes (PI, PLI, RI), it was noted that the greatest threat is presented
by the territory of the quarry complex. With an increase of anthropogenic impact on the
urban environment, industrial and alluvial zones may become the most vulnerable areas
of the city, due to the low recalcitrance resistance of these soils to external factors.
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