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Abstract: This article presents the results of long-term research and monitoring of the soil cover
exposed to the impact of the mining and processing plant developing diamond deposits in the
northeast of Siberia. The soil collection includes 436 samples of different types of Cryosols. Soil
pH; soil organic carbon (SOC); granulometric composition; and mobile forms of Pb, Ni, Mn, Cd, Co,
Cr, Zn, Cu, and As were identified in the samples. Multivariate statistics of the correlation matrix,
clustering analysis (CA), and principal component analysis (PCA) were used to determine the sources
of heavy metals. The intensity of the accumulation of chemical elements in the soil was assessed
using calculated concentration coefficients (K.) and the index of total contamination of the soil cover
(Z¢). In the study area, Cryosols are characterized by biogenic accumulation of Ni, Mn, and Cd in the
upper soil layer and Cr, Ni, Co, Mn, and Cu in the suprapermafrost horizon. Correlation matrix, CA,
and PCA revealed three distinct sources that could be considered for the investigated potentially toxic
elements (PTEs): anthropogenic, lithogenic, and the source which comes from a mixed contribution
of anthropogenic and lithogenic factors. The most anthropogenic contribution in the heavy metals
in the study area appears in Zn, Cd, As, and Pb. The assessment interpreted that origin of Mn in
the area is most likely to be a natural source. The content of Co, Cr, and Ni are controlled by both
lithogenic control and anthropogenic sources. Active accumulation of mobile forms of Mn, Zn, and
Ni with anomalously high concentration coefficients can be traced in the soils in the impact zone of
mining operations. Anthropogenic soil contamination is spread over an area of 260 km?.

Keywords: Cryosols; soil contamination; anthropogenic impact; potentially toxic element (PTE);

biogenic accumulation; suprapermafrost horizons

1. Introduction

The exploration of mineral deposits is inevitably accompanied by the uncontrolled
ingress of chemical elements and their compounds into the soil layer from the earth’s
interior (crust). According to the calculations of scientists from the Mining Institute of the
Ural Branch of the Russian Academy of Sciences, more than 100 billion tons of ore, minerals,
and construction materials are extracted from the earth’s interior annually [1]. As a result,
technogenic pressure manifests itself in an increased concentration in certain components of
the ecosystem, both during the period of exploration and development of deposits and after
the place of its processing in the form of dumps, tailings, and solid and liquid wastes of
different chemical composition [2—4]. In addition, various substances migrating in natural
landscapes enter the environment from anthropogenic formations [5-8].

The intensity of the long-term technogenic impact and the spatial pattern of the
distribution of pollutants in mining areas is determined by the chemical composition
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and geochemical properties of soils, which are relatively conservative components of the
ecosystem. The specificity of any geosystems, including mining regions, is manifested in
the fact that the soil cover, as the main depositing natural environment, to the greatest
extent reflects the scale and nature of environmental changes in the anthropogenic period
to a great extent [9-12].

Recently, a significant number of research papers have been published in Russia and
other countries, the conclusions of which indicate that soils, as an essential ecosystem
component, serves as a potential source of secondary contamination for the landscape
components in the adjacent areas [13-18]. The most active pollutants are mobile forms
of trace elements that can transfer from solid phases to soil solutions and be absorbed by
plants [19].

One of the objectives of genetic soil science is to decipher the information recorded in
soils, to use it to reconstruct past natural environment, and to develop scenarios for future
changes in soils and landscapes [20]. Soils reflect natural geochemical anomalies due to ore
occurrence [21]. Additionally, at the same time, soils develop anthropogenic geochemical
anomalies that characterize zones of industrial contamination, where the concentration of
pollutants often reaches dangerous levels for living organisms [22].

The article is a summary of the archival and published materials on the integrated en-
vironmental observation of the Khannya-Nakyn interfluve of Western Yakutia. It presents
the results of the 11-year monitoring of the soil cover on the territory of the Nyurbinsky
Mining and Processing Division (MPD) industrial site of ALROSA.

The aim of the research is an ecological and geochemical analysis of the state of
Cryosols in the Khannya—-Nakyn interfluve in Western Yakutia and their response to the
impact of mining operations, as well as the determination of the level and degree of
permafrost soils contamination under the technogenic effect of diamond mining.

The novelty of the study lies in the fact that regime (permanent) observations at the
industrial site of the mining and processing division since the initial stage of development
of the kimberlite field are unique factual material that allows for assess to the response of
permafrost soils to the impact of mining operations.

2. Materials and Methods
2.1. Research Area and Sampling Points

The research was conducted on the territory of the Nakyn kimberlite field within the
Nyurbinsky MPD’s industrial site (65°01'31” N, 117°04'53” E). It is located in the northern
taiga landscape in Western Yakutia in northeastern Siberia (Russia) (Figure 1a,b).

The Nakyn kimberlite field includes several highly diamondiferous kimberlite bodies,
including the Botuobinsky (1994), Nyurbinsky (1996), Markhinsky (1999), and Maysky
(2006) pipes, and the Botuobinsky and Nyurbinsky placer occurrences. The development
of the deposits resulted in the creation of Nyurbinsky mining and processing Division
(Nyurbinsky MPD) with an advanced infrastructure has been established, including the
Nyurbinsky and Botuobinsky quarries for the extraction of kimberlite ore, processing plants
Ne15 and Ne16, geological factory Ne17, a shift camp for 1000 people, airstrips, and an explo-
sives warehouse [23]. In addition, ground-based storage of mining products, such as waste
rock dumps, and enrichment facilities, including tailings dumps have been established.

The research area is located within the Vilyuy-Markha denudation plain, situated on
the boundary of the Central Siberian Plateau and the Central Yakut Plain of Central Siberia
(Russia), with absolute marks of the drainage divides varying from 213 to 269 m [24]. The
relief is slightly dissected, with absolute elevations from 240 to 260 m and relative heights
above the nearest streams from 15 to 35 m.
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Figure 1. Location of the study area: (a) location of the study area on the map of Russia, (b) photo of
the Nyurbinsky mining and processing division territory, (c) soil sampling scheme, (d) photo of plant
no. 16, and (e) Nurbinsky and Botuobinsky open pits.

According to the geobotanical subdivision, the studied territory belongs to the to
the Middle Taiga and Northern Taiga sub-zones of the boreal region. The vegetation is
represented by mixed larch forests with an admixture of birch, and in the soil cover, there
are cranberry, bearberry, and lichens. The dominant species of the tree layer consists of
Gmelin larch (Larix gmelinii) and Cajander larch (Larix cajanderi).

The study area was evenly spaced across the entire site with a sampling interval of
2 km x 2 km on a scale of 1:100,000 km (Figure 1c). Sampling was conducted at the same
points from the topsoil at a 0-20 cm depth in 2007, 2011, 2014, and 2018. In addition to
Sampling from the topsoil, the soil sections were laid with a complete sampling of the soil
sample from genetic horizons. A total of 436 soil samples were collected and analyzed.
Classification of soil types was carried out on the basis of the World Reference Base [25]. Ge-
netic horizons and soils were characterized according to the Russian Soil Classification [26].
A description of the vegetation cover was also performed in the study area.

All samples were air-dried at room temperature and sieved on a <1.0 mm screen to
remove coarse waste. Then, the soil samples were pestled until all the particles passed
through a 0.25 mm sieve. Next, 10 g (0.1 g) of soil was ground in a mortar to powder [27].

2.2. Sample Analyses

The soil pH was measured in soil-water suspension (1:2.5) at room temperature
using a pH meter (Mettler Toledo, Seven Compact Advanced) according to the state
standard [28,29]. The photoelectric colorimetric method (KFK-2 UHL 4.2 Russia) was used
to identify soil organic carbon (SOC) according to the state standard [30,31]. Total nitrogen
(TN) was calculated using the spectrophotometric method (PE-5300VI Russia) according
to state standards [32,33]. The granulometric composition of the soil was determined by
sedimentation analysis using the pipette method [34].
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The content of the mobile forms of potentially toxic elements (Pb, Ni, Mn, Cd, Co, Cr,
Zn, Cu, and As) was determined using an atomic absorption spectrometer (MGA-915 GC
Lumex, Saint Petersburg, Russia) following acid digestion and extraction by 1IN HNO3 (soil
to extractant ratio 1:10) [35]. The 1 N HNOj extractant defines the most mobile-acid-soluble
forms of elements that are more strongly bound to the soil, in contrast to HO and 1 N
HCI [36-38]. Therefore, elements extracted via 1 N HNOj3 represent the maximum content
of potentially accessible metals in plants (potentially accessible fraction) [39].

2.3. Data Processing

Prior to the statistical analysis, the distribution of the data set was evaluated using the
Kolmogorov-Smirnov (p < 0.2) and Shapiro-Wilk’s (p < 0.05) methods; if the distribution
value was not normal, the data were transformed according to the Compositional data
analysis (CoDa) principles [40—-42] using the centered log-ratio (clr) transformation, the
approach that was proven to be appropriate recently [43-46]. Only the clr-transformed
elemental concentration data were used for the construction of the model. The clr trans-
formation is performed by normalizing (centering) the log-transformed parts for each
sample by its geometric mean. The log-transformation transforms compositional data
(relative values with a constant sum) into multi-dimensional real space [47,48], whereas
normalizing to the geometric mean ensures that higher concentration elements are not
over-emphasized in further statistical analysis. For transfer raw data to clr-transformation
data, CoDaPack software (Version 2.03.01, University of Girona, Girona, Spain) was used
(http:/ /www.compositionaldata.com/codapack.php, accessed on 16 November 2022).

The Pearson correlation coefficient was applied to measure the ratio between two
quantitative variables (elements and main soil properties (pH and SOC). The content data
of PTEs were analyzed by cluster analysis (CA) and principal component analysis (PCA)
to identify the sources. In this study, CA was performed to separate variables into several
mutually exclusive clusters. PCA was adopted to identify the sources of PTE contamination
in soil using varimax rotation with Kaiser Normalization. Statistical analysis was conducted
using Statistica 13.0, SPSS Statistics and OriginPro 2021.

2.4. Contamination Indices

Ecological and geochemical characteristics of soil contamination were conducted
by geochemical indicators that address to the distribution of separate metals and their
associations with contamination due to the multi-element chemical composition of the
polluting anthropogenic watercourses. These indicators are presented by concentration
coefficients (K.) and the index of total contamination (Z.) as calculation Formulas (1) and (2):

G

K. = —
C Cf/

M

where C; is the actual content of contaminants in soil, mg/kg, and Cy is the background
content of pollutants in soil, mg/kg.

Zc :iKc*(nfl)/ (2)
i=1

where K, is the concentration coefficient of the i-th component of contamination with values
K. > 1.5, and #n is the number of abnormal elements. Elements with very low background
contents were not used.

Classification of the level of the soil cover contamination was conducted according
to the Guidance Document 52.18.718 —2008 [49]: Z. < 16 indicates allowable, 16-32 indi-
cates moderately hazardous, 32-128 indicates hazardous, and >128 indicates extremely
hazardous [50].
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Regional background values regarding the content of mobile forms of trace elements
are based on the geometric mean values of soil samples (n = 212) of the natural/undisturbed
landscapes outside the impact zone of the mining and processing division [51,52].

Mapping was performed with the application of ArcGIS 9.0 software.

3. Results
3.1. The Soil Characteristic

Cryogenic soils formed in the research area are attributed to the First Level of Ref-
erence Soil Groups of Cryosols, among which the dominant ones are Haplic Cryosols
Reductaquic, Folic Cryosols Reductaquic, Cambic Turbic Cryosols, Turbic Glacic Cryosols,
Histic Cryosols Reductaquic, Turbic Cryosols Dystric, and Spodic Cryosols Dystric. These
soils are characterized by a thin profile with distinct cryoturbation processes that disturb
the genetic integrity of horizons and the mixing of soil material. According to the mor-
phological description, the profiles of the primary types of soils are characterized by the
following structure (Figure 2):

e Turbic Gleyic Crysols (Reductaquic): AO-Acr—-CR g-Cg*;
e  Turbic Crysols (Reductaquic): AO-CR-CJ;
e Turbic Gleyic Natric Crysols (Reductaquic): A-ELB-Cg™.

Figure 2. Soil profiles of the dominant types of Cryosols in the The Khannya—Nakyn interfluve (photo
by V. Boeskorov, A. Gololobova; date of photo: 16.08.2018): (a) Turbic Cryosols (Reductaquic), P-33-
H, 65°00'33.1" N, 117°05'35.0” E; (b) Turbic Gleyic Cryosols (Reductaquic), P-28-H, 64°59'51.5"" N,
117°05'03.2"" E; (c) Turbic Gleyic Natric Cryosols (Reductaquic), P-34-H, 65°01'48.6” N, 117°05'20.1" E;
(d) Larch-tree with birch, ledum-blueberry.

In addition to the natural types of soils (Cryosols) on the territory of the industrial site,
there is the presence of soils near the impact zone with detected surface contamination:
technogenic surface formations (TSFs). Technogenic surface formations occur near sites or
territories directly affected by mining operations and the development of new human-made
landscapes (Figure 3).
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Figure 3. Sites of soil sections in the waste rock impact zone of the Botuobinsky tube quarry (photo
by V. Boeskorov; date of photo: 17.08.2018): arrow—Ilocation of the waste dumpsite: (a) 50 m to West
from the spoil dump—TSFs, H-61, 65°00'08.9" N, 117°02/35.2" E; (b) 100 m to the west from the spoil
dump—chemically contaminated Turbic Cryosols, H-62, 65°00'26.2" N; 117°03'01.6" E.

3.2. Physicochemical Properties

Table 1 shows the physical and chemical characteristics of soils of the Khannya-Nakyn
interfluve using the example of three soil sections of the most widespread subtypes Cryosols
within the territory. The soil cover is mainly characterized by the acidic reaction of the
soil environment in the upper organic horizons transitions to weakly alkalinity down
the profile. High variability is observed in the humus content (V = 94%). High humus
values determine the presence of moderate and weakly decomposed organic residues in
soils, which is typical for the soils of the northern regions. The carbon-to-nitrogen ratio
(C/N = 13) indicates a low decomposition of plant residues. The coarse-humus nature of
soil organic matter in Cryosols is also noted by various authors [53,54].

It has been observed that Cryosols are characterized by a binomial structure of the soil
profile according to the granulometric composition:

e In Turbic Gleyic Crysols, a sharp decrease by up to 70% in the content of physical clay
is observed down the soil profile due to an increase in the content of fractions with a
diameter of 0.25-0.05 mm.

e In Turbic Crysols, the content of physical clay increases down the profile due to an
increase in the number of particles with a diameter of <0.01.

e  Turbic Gleyic Natric Crysols is distinguished by the lowest amount of physical clay.
At the same time, there is an increase in its content down the soil profile as a result of a
decrease in the content of granulometric fractions, with a size of 0.25-0.05 mm, to 56%.



Minerals 2022, 12, 1518

7 of 20

Table 1. Physicochemical and mobile forms of PTE characteristics of dominant subtypes of soils of the Khannya-Nakyn interfluve.

Subtypes of Cryosols, Depth (cm)

Index Turbic Gleyic Cryosols (Reductaquic) Turbic Cryosols (Reductaquic) Turbic Gleyic Natric Cryosols (Reductaquic)
0-6(14) 6(14)-43(50) 43(50)-80(83) 80(83)—c0 0-5(10) 5(10)-35(45) 35(45)—c0 0-40(42) 40(42)-61(72) 61(72)—c0
.ﬁ pH 50+0.1 62+0.1 70+£0.1 70£0.1 55£0.1 6.5+0.1 6.3 £0.1 53£0.1 6.7 £0.1 70£0.1
% Humus, % 6.8 £0.7 14+01 19+02 09+£01 27+03 1.3+01 27403 49 +0.5 09+01 07£0.1
é" SOC, % 39+04 0.8+0.1 1.1+0.1 0.5+0.1 1.6 +£0.2 0.8+0.1 1.6 +£0.2 0.5+0.1 04+0.1 1.14+0.1
_g‘ TN, % 0.20 £ 0.01 0.16 = 0.01 0.13 £0.01 0.13 £0.01 0.16 = 0.01 0.16 £ 0.01 0.17 £0.01 0.16 = 0.01 0.16 = 0.01 0.17 £ 0.01
g Exchangeable
g Ca, meq/100 15.0£0.8 193 £ 09 231+£12 18.8 £0.9 101 £ 05 125 £ 0.6 14.6 £0.7 84 +04 156 £0.8 14.8 £ 0.7
g ,meq 8
g Exchangeable 7.8+ 0.4 103405 53403 7.5+ 0.4 49402 6.6+ 03 53403 43402 7.0 + 0.4 7.9+ 0.4
7 Mg, meq/100 g
g SOC/TN 19.5 5.1 8.8 4 10 48 9.3 3 2.2 6.6
a 1-0.25 mm 9.95 3.51 4.43 11.41 16.62 9.22 7.65 3.01 191 1.11
;LQ_). 0.25-0.05 mm 57.81 58.51 55.53 70.93 62.10 60.66 64.55 69.27 76.35 56.17
£ 0.05-0.01 mm 9.00 11.84 11.88 6.68 4.86 4.90 5.78 14.24 8.32 22.18
-2 0.01-0.005 mm 3.54 4.88 7.58 3.16 3.38 5.00 4.68 1.66 1.70 5.32
g 0.005-0.001 mm 8.32 6.88 8.68 3.36 6.16 9.04 9.66 3.72 4.52 9.60
% <0.001 mm 11.38 14.38 11.90 4.46 6.88 8.14 7.68 8.10 7.20 5.62
g <0.01 mm 232 26.1 28.2 11 16.4 25.2 22 13.5 13.4 21
¢} >0.01 mm 76.8 73.9 71.8 89 83.6 74.8 78 86.5 86.6 79
Pb, mg/kg 3.84 £0.92 2.12 +£0.51 2.25 +0.54 1.42 +£0.34 421*£1.01 2.81 +0.67 2.96 £0.71 2.62 +0.63 2.2 £0.53 2.21 +£0.53
9% Ni, mg/kg 2.55 £0.61 525*£1.26 5.02*+£1.20 3.78 £0.91 4.52* £1.08 4.24*£1.02 512*+£1.23 1.49 £0.36 3.38 £0.81 4.68 £1.12
§ = Mn, mg/kg 2287*+549  41.75*+10.02 465*+11.16 4381*+£1051 55.78*+13.39  38.88*+9.33 39.43* £9.05 15.23 + 3.36 27.35*+6.56  39.55*+9.49
2,%, Cd, mg/kg 0.023 * £ 0.006 0.011 £ 0.003 0.014 * £ 0.003  0.016 * £ 0.004 0.022 £ 0.005 0.008 * £ 0.002  0.015* £ 0.004 0.006 £ 0.001 0.008 + 0.002 0.019 £ 0.005
g -*E Co, mg/kg 1.51 £ 0.36 242 +0.58 2.54 +0.61 22+0.53 2.3 £0.55 1.96 + 0.47 2.27 +0.54 1.53 £0.37 2.16 £0.52 2.49 £+ 0.60
51 QE) Cr, mg/kg 2.18 +0.52 2.61 +0.63 2.49 + 0.60 3.3 £0.79 225+ 0.54 2.21 £0.53 212+ 0.51 1.71 + 041 211+ 0.51 1.84 + 0.44
29 Zn, mg/kg 4.46 +1.07 6.76 = 1.62 748 £1.8 6.21 £1.49 3.74+09 6.35 £1.52 6.92 £ 1.56 4.55 +1.09 5.14 £1.23 7.06 £ 1.69
e Cu, mg/kg 4.83 +0.016 6.65 1.6 8.12 £1.95 3.86 = 0.93 7.69 £1.85 7.89 £ 1.89 10.44 £ 251 2.1+ 0.50 2.86 = 0.69 4.67 £1.12
As, mg/kg 0.25 £ 0.06 <0.05 0.07 £0.02 <0.05 0.22 £ 0.05 <0.05 <0.05 <0.05 <0.05 <0.05

Note: SOC—soil organic carbon; TN—total nitrogen; * indicates values exceeding background levels.
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3.3. Descriptive Statistics

The characteristics of soil PTEs concentrations in the Cryosols of the Khannya-Nakyn
interfluve are described in Table 2. The mean values of the elements’ concentrations
decreased in the following order Mn > Cr > Zn > Cu > Pb > Ni > Co > As > Cd. The
coefficient of variation (CV) shows the degree of relative variability in PTE concentrations
in all soil samples. If the CV is 0%—20%, it indicates low variability; CV 20%-50% is
considered moderate variability; CV 50%-100% is observed as high variability; and a CV
above 100% is considered exceptionally high variability [55]. The Mn, Cr, Zn, Cu, and
Co had a high CV value, which indicated a high variability of the PTEs content between
all sampling sites in the Cryosols of the Khannya-Nakyn interfluve. For the degree of
variability in the remaining elements, Cd, As, Pb, and Ni, the CV value showed less than
20%, which means low variability. The average concentrations of all PTEs in the studied
soils exceeded the background values.

Table 2. Descriptive statistics for PTEs.

PTE Background Raw Data Clr-Transformed Data
mg/kg X?;lke;’ Mean Median Min Max Ccv SD TJ;/IO Zan Mean Median CV SD T.gzan

Pb 2.88 7.30 7.35 2.15 14.3 6.46 2.54 7.25 0.78 0.79 0.34 0.58 0.78
Ni 1.77 6.49 5.21 0.85 28.1 17.4 417 6.04 0.57 0.52 0.30 0.55 0.54
Mn 13.2 394.9 261.9 15.9 2983 260,897  510.8 311.8 4.36 4.40 0.90 0.95 4.36
Cd 0.03 0.07 0.02 0.00 0.38 0.01 0.10 0.06 —4.67 —4.81 1.24 1.11 4.66
Co 2.14 5.90 4.20 0.04 69.6 89.6 9.46 4.60 —0.34 0.23 2.09 1.44 0.28
Cr 4.70 21.4 4.26 0.28 734.0 9056 95.2 7.07 0.43 0.17 1.28 1.13 0.33
Zn 6.31 15.7 12.2 0.50 73.1 274 16.5 13.6 0.92 1.25 1.26 1.12 0.97
Cu 11.5 11.5 9.91 1.15 104.0 183.6 13.6 9.70 1.01 0.90 0.32 0.57 0.99
As 0.22 0.13 0.03 0.03 1.25 0.04 0.20 0.10 —3.89 —4.02 1.29 1.13 3.93

Note: CV—coefficient variation; SD—Standard Deviation; T.Mean 5%—Trimmed Mean.

Thus, the raw data revealed considerable variability for all elements and required its
transformation. In this study, the clr-transformation method was used to analyze the com-
bined data. Descriptive statistics for raw and clr-transformed data were computed (Table 2).
The 5% trimmed mean allowed us to conclude that extreme values were concentrated
mainly in the upper 2.5% intervals, as the remaining 97.5% can be approximated by the
normal distribution. Once the clr-transformed data were applied, the associated standard
deviation was clearly reduced, and the mean, median, and 5% trimmed mean tended to be
similar. Indeed, the clr data showed a normal distribution as a result of diminishing the
weight of outliers.

Based on a comparison of the histograms (Figure 4) of the raw and compositional
datasets, it can be concluded that (a) when considering the raw dataset, asymmetric
distributions are found for almost all PTEs, and these distributions are biased mainly
by the presence of outliers; (b) the clr-transformed dataset shows an important feature
because it suggests normality. Thus, it is concluded that the clr-transformed dataset and
the compositional dataset have two principal advantages; namely, they allow us to work
with proportions and to improve data normalization. Anomalous concentrations of study
PTEs, which significantly exceeded the background values, are classic fingerprints of heavy
industrial activity.
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Figure 4. PTE histograms for raw data (a) and clr-transformed data (b).
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3.4. Correlation Analysis

Based on the correlation analysis (Figure 5), various dependency factors of the mobile
forms of the elements on the soil organic carbon and pH values were revealed, with these
factors characterizing the selectivity of the element (or group of elements) with the main
components of the soil. A positive correlation was established between Pb (p < 0.01), Ni
(p < 0.01) with pH, as well as between Ni (p < 0.01) with soil organic carbon; a negative
correlation was found between Cd (p < 0.01), Co (p < 0.01), and Zn (p < 0.01) with pH, also
between Zn (p < 0.01), Cr (p < 0.01), and Co (p < 0.05) with soil organic carbon. Among the
elements, Pb-Ni (p < 0.05), Cd-Zn (p < 0.01), and Co-Cu (p < 0.01) were positively correlated.

10
pH *% ’ **
— 080
soc &y
p 060
0.66 | 046 | Pb | A A :
053 Ni - @& =
Mn * * 020
052 | 0 ; 16| cd =00
0.51 | -0 : Co > * L 0.20
. 041 -0.40 i o 2 Cr I 1040
0.45 | 052 ; 0.69 Zn i ‘
-0.60
40 7| Cu
-0.80
-0.44 : : -052 As
10
P e S w

*p<=0.05 ** p<=0.01

Figure 5. Correlation plot of the soil PTE contents with main physicochemical properties. * Correlation
is significant at the 0.05 level, ** correlation is significant at the 0.01 level. SOC—soil organic carbon.

3.5. Cluster Analysis

To display the CA results, dendrograms were constructed (Figure 6), which can clearly
reflect the distance between the elements and reveal the relationship between them. CA
tree was created using a Pearson correlation as a measurement standard. The analysis
results show four main clusters: Cd-Zn, Co—Cu, Cr-As, Pb-Ni-Mn. Cd and Zn were
correlated with each other. Pb and Ni clustered with each other and composed another
cluster with Mn. Co—Cu and Cr—As were isolated and joined to each other, and joined
with the Pb—-Ni-Mn cluster. Metals belonging to the same cluster usually have a common
source [56].



Minerals 2022, 12, 1518 11 of 20

Ni

Co ]

Cu

Cr

0.0 0.2 0.4 0.6 0.8 1.0 12 1.4

Distance Cluster Combine

Figure 6. Dendrogram results of cluster analysis for PTEs in the study area.

3.6. Principal Component Analysis (PCA)

This analysis, applied to the autoscaled data matrix, shows a differentiation between
the PTEs at the study sites. As shown in Table 3, four factors were identified, and varimax
normalized rotation provided a factor loading that corresponded to the principal compo-
nents. Eigenvalues greater than one were obtained by PCA, accounting for 78.84% of the
total variance. The number of significant principal components is selected on the basis of
the Kaiser criterion with an eigenvalue higher than 1 [57]. According to this criterion, only
the first four principal components are retained because subsequent eigenvalues are all less
than one. Hence, the reduced dimensionality of the descriptor space is four.

Table 3. The result of principal component analysis.

Factor Load after Rotat

PTE
PC1 PC2 PC3 PC4
Pb —0.529 * 0.378 0.167 0.498
Ni —0.365 0.686 * 0.243 0.066
Mn —0.234 0.509 * —0.004 —0.746 *
Cd 0.828 * 0.258 —0.082 0.201
Co 0.226 —0.575* 0.624 * —-0.297
Cr 0.144 —0.338 —0.791 * —0.182
/n 0.874* 0.109 0.077 0.294
Cu —0.392 —0.676 * 0.384 0.146
As —0.623 * —0.281 —0.481 0.256
Eigenvalue 2.529 1.929 1.493 1.143
% Total variance 28.10 21.44 16.59 12.70
Cumulative % 28.10 49.55 66.14 78.84

Note: * PCA loadings N > 0.5.

The first principal component 1 (PC1) explained 28.10% of the total variance. Cd
and Zn had a high negative load, and Cu, As were a positive medium load. The second
component (PC2) explained 21.44% of the total variance, and Pb, Ni, and Cr were the
main loading elements. The third component (PC3) explained 16.59% of the variance of
our results. The fourth component (PC4) was loaded by Mn and explains 12.70% of the
total variance.
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3.7. Contamination Indices

The analysis of trace element spectra during the years of research have showed a
significant increase in the concentrations of mobile forms and the extension of the trace
element series. By 2018, the trace element composition of the Nyurbinsky MPD industrial
site’s soil cover shows an active accumulation of Mn, Zn, and Ni mobile forms with abnor-
mally high concentration coefficients (Table 4). Geochemical spectra constructed based on
concentration coefficients (K,) revealed the transformation level of the elemental composi-
tion of soils observed throughout the study. The grounds of industrial landscapes (quarries,
dumps, tailings, and spoil heaps of various uses) are characterized by the following trace
element spectrum: Mnyg o—Zng o—Niy 7—Crg g—Cog2—As) o.

Table 4. Concentrations of mobile forms of metals and background values (mg/kg) in soil cover of
the Nyurbinsky MPD in 2014 and 2018.

Vzla:(l;g,l:znziz Minimum Maximum Mean Gelslr::rtlrlc ;::;:taiii Variance
Min 1315 - T T
cd 0.03 oo 918 .04 o0t .03 g
Cr 470 0% 7Y 705 T 551 83
Zn 6.31 193 24 222 828 38l 28
Cu 11.50 14 3 &2 224 N vz
As 0.22 .08 ] 032 925 0.2 .00

Note: over the line—2014 year, (n = 56); below the line—2018 year (n = 62).

Calculations of the total contamination of the soil cover (Z.) revealed a spatial increase
in the contrast of anomalies (Figure 7). Contamination level increases in the north-western
and south-eastern directions. By 2018, the ecological and geochemical setting had changed
sufficiently, with the predominance of a highly hazardous level of soil cover contamination,
occupying about 260.9 km? (Table 5).

Table 5. Changes in the levels of multi-element contamination of the soil cover on the study territory
over the years of research.
Contamination Category Area, km?
(Level of Index of Total Contamination) 2007 2011 2014 2018
Allowable (Z; > 16) - - - 61.0
Moderately hazardous (Z. = 16-32) 210.0 305.0 - 104.9
Highly hazardous (Z. = 32-128) 45.0 1.44 122.0 260.9

Extremely hazardous (Z; < 128) - - 18.2 51.6
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4. Discussion

The content of mobile forms of PTEs in Cryosols remains essentially the same in vari-
ous types. Cryosols are generally characterized by two maxima of intra-profile distribution
of mobile forms of trace elements. The first one is biogenic accumulation in the upper
layer of the soil, followed by a decrease in the profile. The second maximum is located in
the suprapermafrost horizon. Generally, biogenic accumulation in Cryosols is typical for
mobile forms of Mn, Zn, Co, Ni, Cd, As, and partially Cu.

Outside the mining zone, Cryosols of the natural landscapes of the studied territory
are characterized by biogenic accumulation of Ni, Mn, and Cd. Suprapermafrost horizons
accumulate Cr, Ni, Co, Mn, and Cu (Figure 8). However, according to absolute values, the
content of trace elements in the suprapermafrost horizons is higher than that of the upper
organic horizons.
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Figure 8. The nature of the accumulation of trace elements in the soil profile of the dominant subtypes
of Cryosols of the Khannya—-Nakyn interfluve.

The Pearson correlation coefficients between elements provide valuable information
about the sources of elements in the environment [58]. Positive correlations of Pb—Nj,
Cd—Zn, and Co—Cu show that these metals tend to accumulate together, and the result
is their co-occurrence and interdependence; they come from similar sources and migrate
together [59,60].

The physicochemical properties of soils are considered to be the key factor regulating
the behavior of PTEs in soil. There was an established positive relationship of pH with Pb
and Ni, and a negative correlation with Cd, Co, and Zn. Harter [61] and other scientists
have reported that soil pH is the main cause affecting PTEs in soil [62-64]. Soil pH is
significant in soil processes responsible for PTEs solubility in soil and transportation [65,66].
At low pH, elements tend to be found as free ionic species or soluble organometals and
are more bioavailable. Since low pH (acidic) PTEs are more soluble and more bioavailable
in the soil solution, the range of pH values obtained in this study will favor plant uptake
of PTEs [67]. Thus, the acidic and moderately acidic soil study area may increase in
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micronutrient solubility and mobility of Cd, Co, and Zn and may significantly increase
their concentration in the soil. Hence, toxicity problems with these elements can be possible.

The content of organic matter in soil also affects the PTE content [68]. Organic matter
content is one of the most important factors that control the accumulation, mobility, and
bioavailability of PTEs in soils. An increase in soil organic matter content can lead to elevat-
ing the soil adsorption capacity by which the accumulation of PTEs will be enhanced [69].
Therefore, while pH has a significant effect on the adsorption and solubility of PTEs in
soils [70], soil organic matter has a significant effect on the sorption and migration of PTEs
in soils [71]. This fact suggests that pH and soil organic matter have a relationship and
significant negative correlation with PTEs. The current research established a negative
correlation of SOC with Zn, Cr, and Co, and a positive correlation of SOC with Ni. Previ-
ous studies have also shown that soil properties such as pH and soil organic matter are
correlated with PTE concentrations in soil [72].

The correlation between PTEs has also been investigated using cluster analysis (CA).
CA is usually implemented in such studies to identify sources of PTEs and to relate them
as several main groups. The internal cluster homogeneity is determined according to
the similarity among PTEs in soil samples [73]. Based on the results of CA, four clusters
were identified: Cd-Zn, Co—Cu, Cr—As, and Pb-Ni-Mn. The close association of metals
suggests that they have a common source. Mn, Co, Cr, and Ni are elements typomorphic to
kimberlites, which representing the geochemical specifics of the Nakyn kimberlite field.
These elements are well recognized by secondary scattering fluxes and characterize both
natural and technogenic geochemical anomalies. Therefore, the elements of Mn, Co, Cu,
Cr, Ni, Pb, and As may include in group of mixed anthropogenic and lithologic sources.
The cluster formed by Cd and Zn may reflect anthropogenic contamination. Similar results
were obtained in previous studies [74-76].

The PCA has been performed in this study to identify the variance of study soil samples
in terms of PTE concentrations and originating sources. The calculated eigenvalues in such
an analysis are usually referred to as the significance of established PCA factors, where the
PCA factors of higher eigenvalues are considered to be the most significant factors [73].
Factor loading in PCA analysis shows that four factor were considered in the calculation,
representing about 78,8% of PTEs variance in the obtained results.

PTE:s of a substantial correlation coefficient value within the principal components is
regarded as a significant parameter contributing to the variation in the results. The first
principal component PC1, which accounts for 28.10% of dataset variance, exhibits a notable
loadings on Zn and Cd (0.874 and 0.828, respectively), with negative loadings on As and
Pb with a value of —0.623 and —0.529, respectively. The second principal component PC2,
which represents 21.44% of the data set variance, has significant loadings on Ni and Mn
(0.686 and 0.509, respectively), with negative loadings on Cu and Co with values of —0.676
and —0.575, respectively. Whilst, the third principal component PC3, which has 16.59 % of
variability, shows considerable loading on Co (0.624) with negative loading on Cr (—0.791).
The last component PC4, which represents 12.70 % of dataset variance, has significant
negative loading on Mn (—0.746).

PC1 is mainly controlled by the influence of anthropogenic and industrial activities
on the territory of the industrial site and vehicle emissions. These pollutants input study
soils directly on the surface layer of soil in the form of re-suspended dust of soil material
as a result of aerogenic spread from drilling and blasting, wind erosion of dumps, etc.
According to several studies, Zn and Cd from technogenic sources were also noted in the
area of activity of various industrial enterprises [77-79]. PC2 and PC3 include elements
typomorphic to kimberlites, which are recognized by secondary scattering fluxes and char-
acterize both natural and technogenic geochemical anomalies. Therefore, both lithogenic
controls and anthropogenic sources may influence these factors. In the works of Sain R. [80],
Rodriquez J. [81] obtained results where Co, Cr, and Ni were also grouped in one factor
in the surface soil layer around a steel plant in China and a lead—zinc plant in Kosovo
Mitrovica and, at the same time, had natural/pedogenic sources of intake. Additionally,



Minerals 2022, 12, 1518

16 of 20

PC4 is mainly controlled by geogenic and pedogenic sources. Many previous researches
reported that Mn in soils may be controlled by the soil parent material [81-83].

As a result of modern anthropogenic processes, the soil cover of the Nyurbinsky MPD
industrial site is currently characterized by multi-element contamination. At the present
stage of studies on the territory of the Khannya-Nakyn interfluve, the ecological and geo-
chemical condition is based on the cumulative influence of large-scale epigenetic processes
of the tectonic and magmatic structure of the Nakyn kimberlite field and anthropogenic
impact on the components of the ecosystem, i.e., the soil cover.

Earlier works have established [84] that the products of weathering of tholeiitic basalt
rocks have a determining regional impact on the current eluvial-deluvial formations of the
Khannya—-Nakyn interfluve. This is reflected in the development of natural geochemical
anomalies in the soil cover and is determined through the data of the secondary disper-
sion flows.

As discussed above, the intra-profile distribution of trace elements in Cryosols is
characterized by the biogenic accumulation of Ni, Mn, and Cd. On the contrary, supraper-
mafrost accumulation of Cr, Ni, Co, Mn, and Cu is observed in natural unpolluted biotopes.
Anthropogenic anomalies are characterized by the active accumulation of mobile forms of
trace elements in the surface organic horizons of soils, with primary Zc-forming elements
represented by Mn, Zn, and Ni. The formation of anthropogenic anomalies in an indus-
trial site’s soil cover may occur due to atmospheric input of fine-grained dust products
emerging during various mining operations, such as blasting workings, ore processing,
and a dusting of waste dumps. Dispersion of the solid phase of dust emissions in the
prevailing wind direction results in forming soils with abnormally high chemical elements.
Similar conclusions were established by fellow scientists studying the soils of the Bashkir
Trans-Urals based on the Uchaly geotechnical system located in the northeastern part of
the Republic of Bashkortostan [4].

Therefore, the primary large-scale source of dust-scattering material lies within waste
rock dumps. In short-term periods, a significant amount of the contaminant may concen-
trate outside the dumps. As a result, the entire area adjacent to the industrial site has been
exposed to air contamination for a long period.

5. Conclusions

In this research, a study of PTE contamination in the soil of the Nakyn kimberlite field
located within the Nyurbinsky MPD, Western Yakutia was conducted. The study included
an assessment of multi-element contamination and source distribution. Contamination
indices have been implemented and as well as multivariate statistical methods such as
correlation matrix, CA, and PCA.

Correlation matrix, CA, and PCA revealed three distinct sources that could be con-
sidered for the investigated PTEs: anthropogenic, lithogenic, and the source comes from a
mixed contribution of anthropogenic and lithogenic factors. The greatest anthropogenic
contribution in PTEs in the study area appears in Zn, Cd, As, and Pb. According to the as-
sessment, the origin of Mn in the area is most likely to be from a natural source. The content
of Co, Cr, and Ni are controlled by both lithogenic control and anthropogenic sources.

The peculiarity of intraprofile distribution of mobile forms of trace elements of the
studied types of Crysols in natural landscapes is presented by two maxima: the first peak
belongs to the biogenic accumulation in the upper organic horizon, with a subsequent
decrease down the profile, while the second peak lies in the suprapermafrost horizon.
Biogenic accumulation is typical for mobile forms of Ni, Mn, and Cd, while mobile forms
of Cr, Ni, Co, Mn, and Cu are characterized by suprapermafrost accumulation. There are
no significant changes in the main geochemical parameters of the soil cover, provided that
the morphology of the soil profile is preserved. However, there are exceptions to the sites
that have been directly impacted during mining operations, such as land disturbances and
landscape transformations.
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The soil surface of the Nurbinsky MPD industrial site, at the time of the study, is
characterized by a multi-element composition of natural and technogenic anomalies. Cal-
culation of the total soil contamination index (Z;) revealed a spatial increase in areas with
high and very high categories of contamination. The main Z.-forming elements included
in the geochemical association are Mn, Zn, and Ni.
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