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Abstract

The study was conducted on the territory of the Daldyn kimberlite field, within the industrial site of the Udachny Mining
and Processing Plant (Yakutia, Russia). The objects of the study were permafrost soils and two types of shrubs — Betula
middendorffii T. (Middendorff birch) and Duschekia fruticosa R. (shrubby alder). Soil and plant samples were analyzed
using atomic absorption spectrometry for the presence of potentially toxic elements (Pb, Ni, Mn, Cd, Co, Cr, Zn, Cu and As).
Bioaccumulation coefficient and potential environmental risk factor were calculated for each element. In the studied plants,
the elements of interest were arranged in descending order of content: Mn > Zn > > Cr > Ni > Cu > Pb > As >
> Co > Cd, according to the degree of bioaccumulation Betula middendorffii T. characterized by a number
of Cr > Zn > Ni > Mn > Pb > Cu > Cd > Co, and Duschekia fruticosa R. — Cr > Zn > Ni > Pb > Cu > Mn > Cd > Co.
The research revealed that Betula middendorffii T. and Duschekia fruticosa R. are resistant to high concentrations
of elements, coherent kimberlites — Cr, Ni, Co and dolerites — Cu, Mn and Zn. The consequence of the occurrence of
kimberlite magmatism in soils and plants are concentrations of Ni, Cr and Mn that are excessive for plants, which are
identified as potential environmental risk factors. Most of the territory of the Daldyn kimberlite field is characterized
by low and moderate environmental risk. Impact zones of kimberlite pipe quarries and waste rock dumps are charac-
terized by significant and high potential environmental risk.
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Introduction

It has been proven that the mining industry, of all anthropogenic activities, makes a significant
contribution to environmental pollution [1, 2]. Especially if the mining is carried out using open-pit
mining, as a result, ore-forming elements are dispersed, forming polyelement technogenic anomalies
and increasing the concentrations of trace elements, including potentially toxic ones, in all compo-
nents of the biosphere [3]. Pollutants, during mineral processing, in the form of solid dust particles
come mainly from industrial waste disposal sites, including settling ponds, tailings ponds, waste
rock dumps, sludge dumps, etc. [4]. As a result, dust dispersion contributes to the release of
pollutants into the environment, primarily polluting the soil [5, 6], that leads to their absorption
and accumulation by plants [7, 8], has a toxic effect, causing degradation of plant communities
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in contaminated soils. Plants growing in contaminated soils are more likely to accumulate poten-
tially toxic elements than plants growing in uncontaminated soil [9, 10].

The accumulation of trace elements from soil to plants is of particular interest for assessing the
ecotoxicity of soils [8], because plants can remove, decompose, or detoxify pollutants [11], thereby
cleaning the contaminated soil. Therefore, the study of the bioavailability of microelements is
important for understanding the constant man-made load in these areas.

Currently, there are virtually no studies on the bioaccumulation of trace elements in plants
growing in northern diamond mining areas. Biogeochemical studies in the north-east of the Siberian
Platform are rare [12], there are no similar studies in other regions where diamond mining occurs.
The work objective is to determine the concentrations of potentially toxic elements (PTE) in higher plants
of the most common species in the shrub layer based on a representative volume of data. The indus-
trial site of the Udachny Mining and Processing Plant (MPP) was chosen as the research area, which
was founded in 1982 and is located on the territory of the Daldyn kimberlite field of the Yakutian
diamondiferous province. The study provides an idea of the resistance of northern taiga plants to
different concentrations of trace elements in the soils of background and impact zones.

Object and methods of research

The Daldyn kimberlite field is located in the northeast of the Daldyn-Alakit diamond-bearing
region (DADBR) of the Yakutian diamondiferous province of the Siberian Platform (Fig.1) and
includes about 60 chimney deposits and 7 dikes [13]. Territorially, DADBR is located in the
basins of the upper reaches of the Markha and Alakit rivers, structurally — on the southwestern
slope of the Anabar anteclise, which was superimposed by the northeastern wing of the Tunguska
Upper Paleozoic syneclise. The northeastern part of the territory is dominated by carbonate rocks
(limestones, dolomites, claystones and marls) of the Lower Ordovician and Upper Cambrian
(O1il-€3). In the southwest (in the basin of the upper reaches of the Alakit and Markha rivers),
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Fig.1. Map of the location of the study area with soil sampling points marked: a — Yakutia on the map of Russia;
b — study area on the territory of Yakutia; ¢ — soil sampling plan for the Udachny MPP industrial site
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variegated clay-carbonate deposits of the Middle Ordovician Krivolutskian stage (O, an+am) and
limestones of the Llandoverian stage of the Lower Silurian (S1ug+tn) have been mapped. This territory
iIs characterized by a wide distribution of Upper Paleozoic terrigenous formations (clay shales, siltstones,
and sandstones) of the Middle and Upper Carboniferous, as well as sedimentary rocks of the Lower
and Upper Permian. Numerous transgressive and sheet intrusions of dolerites up to 150 m thick
and more in many areas intrude Paleozoic sedimentary strata [14].

The leaders in the Daldyn kimberlite field are the Udachnaya pipe, which has been successfully
exploited for several decades, as well as the Zarnitsa, first pipe discovered on the Siberian Platform [13],
which are the main areas of research.

The feature of the territory is its location in the zone of continuous distribution of permafrost
frozen rocks (PFR). The close occurrence of PFR plays a significant role in the accumulation of
trace elements, forming a suprapermafrost geochemical barrier in the soil profile [15]. The total
thickness of the permafrost layer ranges from 250-400 to 1500 m at negative temperatures between
—2 and —16 °C [16]. The relief of the trap plateau is gently hilly with absolute marks of 400-500 m
and relative elevations above the nearest watercourses of 100-250 m [17]. The climate is sharply
continental, with an average annual temperature of 12 °C, the amplitude of the minimum and maxi-
mum of the average data for months ranges between —41.6 and 14.8 °C [18]. The difference in
average temperatures between the cold and warm seasons is very large, between 34 and —64 °C.
Average annual precipitation is 200-250 mm, 75-80 % of which falls during the warm season (from
April to October). Snow cover lasts for 220-250 days a year, its height is not great [19]. The vegetation
cover of the territory is located in the subzone of sparse northern taiga larch forests. Larch forests
dominate, occupying 80 % of the area [20]. The soils are part of the East Siberian permafrost-north
taiga region of the boreal (moderately cold) belt of Russia [12].

Research objects — Oxyaquic Turbic Cryosol (Eutric, Loamic) and leaves of two plant species —
Betula middendorffii T. (Middendorff birch) and Duschekia fruticosa R. (shrubby alder), representing
the most common types of shrubs in the northern taiga.

In the initial stages of searching for primary diamond deposits in Western Yakutia, geobotanical
studies have revealed that larch sparse forests with alder are distributed fragmentarily in spots and
are confined to the outcrops of kimberlite pipes, partly to their deluvial trains. The same studies have
shown that the type of forest stand changes much less than the synusial structure of the ground
cover — moss-lichen and subshrub layers. It follows that in conditions of sparse forests the indicator
role of the subshrub layer is much higher. Therefore, it is more effective to carry out bioindication
of the state of the soil-vegetation system using the biogeochemical response using the example of the
leaves of shrubby plants, acting as indicators not only of plicative structures, but also of changes
in the general ecological and geochemical state of the substrate [12].

Considering the source of trace element emissions in the study area, plant samples were collected
in the vicinity of the industrial zone of the Udachny Mining and Processing Plant (near the quarries
of the kimberlite pipes Udachnaya and Zarnitsa, waste rock dumps, tailings ponds, processing plant
and other man-made facilities) taking into account the prevailing easterly and south-easterly winds in
the summer-autumn period.

It is well known that plant leaves are one of the informative indicators of the state of the environ-
ment [21]. The leaf blade is a powerful air pump for plants, it promotes the absorption and accumu-
lation of pollutants coming from industrial emissions [22]. Leaf sampling of dominant shrub species
of approximately one middle-aged generative ontogenesis was carried out using the average sample
method at a height of 1.0-1.1 m from the soil surface from the outside of the crown around the
circumference. Leaves were taken for analysis without petioles. During collection, samples were
carefully processed to remove dust and packed in numbered bags made of thick paper. During
transportation, samples were stored in well-ventilated containers.
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At the same observation points, soil samples were taken from a depth of 0-20 cm, with a descrip-
tion of the main morphological characteristics. Sampling was carried out in accordance with State
standard 17.4.3.01-2017 and State standard 17.4.4.02-2017. All observation points are recorded using
a global positioning system device (GPS). Plant and soil samples were carefully collected and
delivered to the laboratory. The obtained samples were dried, ground into powder using an electric
mill and sent for analysis.

Plant and soil samples were prepared for chemical analysis according to generally accepted
methods (ISO 11464-2015). Microelements in plants and soils were determined using MGA-1000
atomic absorption spectrometer from Lumex Instruments (Saint Petersburg, Russia) after acid de-
composition and extraction 1IN HNOs (the ratio of soil to extractant is 1:10) in accordance with the
methodology M 03-07-2014. Extraction agent 1IN HNO3 determines the most mobile acid-soluble
forms of elements, more firmly bound to the soil, in contrast to H-O and 1N HCI [23-25]. The maxi-
mum content of potentially available metals in plants (potentially available fraction) are elements
extracted by 1N HNOs [26].

SPSL-1 and SCS-1 standard soil standards, rocks of the gabbro, carbonate and granite types;
standard samples of LB1 (SSS 8923-2007) birch leaf, developed at the A.P.Vinogradov Institute of
Geochemistry SB RAS (Irkutsk) were used in the analysis. Each analysis was carried out in duplicate
with a limiting relative error of d = 15-30 % with a confidence level p = 0.95.

Soil samples were analyzed for pH, organic matter content and particle size distribution. The pH
of the 1:5 soil/water suspension was measured using a glass electrode according to 1ISO 10390:2005,
State standard 26483-85. The total organic matter content was determined by sulfochromic oxidation
according to 1ISO 14235:1998, State standard 26213-2021. The granulometric composition of the soil was
determined by sedimentation analysis using a pipette [23].

To assess the toxicological impact of trace elements on the ecosystem, two indicators were cal-
culated — index of potential ecological risk RI [27] and bioaccumulation factor BAF [28] for two
types of plants.

The index of potential environmental risk reflects the danger of one or more elements. The ap-
proach is widely used to study soil contamination with trace elements in various mining areas and to
illustrate the potential environmental risks associated with general pollution [29]. Calculation equa-
tions:

E=T/R;

RI=3E! =3T/R =3/ =0,
i=1 i=1 i=1

n

where E; — potential environmental risk factor of the element i; Pi — measured element content i,

mg/kg; T, — toxicity response coefficient of the element i, values T' for Pb, Ni, Mn, Cd, Co, Cr, Zn,
and As are setto 5, 5, 1, 30, 5, 2, 1 and 10 respectively [27, 30, 31].

Rl has four risk categories: low (RI<150); moderate (150 <RI <300); significant
(300 <RI <600) and very high (Rl > 600) [32].

The bioaccumulation factor BAF reflects the ability of a plant species to accumulate trace ele-
ments from the environment in its tissues, is calculated using the formula [33]:

C
BAF =2
CS
where Cp and Cs — concentrations of elements in plant and soil samples, mg/kg.
At BAF > 1, phytoaccumulation occurs, and at BAF < 1, it is absent, i.e. the content of the
element in the plant is less than in the soil [34]. BAF is not a constant, even in the same biological
species, this value can change by 100-1000 times throughout its life [35]. In addition, by analogy
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with the coefficient of biological accumulation and capture, proposed by B.B.Polynov (1948) and
later developed by A.l.Perelman (1989), additional ranking has been introduced: BAF = 0-1 — weak
element capture group, no accumulation; BAF = 1-10 — weak accumulation and moderate capture;
BAF = 10-100 — active accumulation; BAF > 100 — significant (high) accumulation.

Statistical analysis of the results was carried out using Statistica 13.0 program and included the
determination of the mean and geometric mean values, minimum, maximum, coefficient of variation,
standard deviation. To comply with the principles of analysis of variance (additive, homogeneity of
variance and normality of distribution), before analysis, the data were subjected to a centered loga-
rithmic transformation (clr-transformation), which takes into account the distortions inherent in com-
positional data [36], using CoDaPack 2.0 program.

The construction of diagrams and schematic maps of the spatial distribution of microelements
was carried out using OriginPro 2024 software application, developed by OriginLab Corporation.

Results and discussion

Physical-chemical properties of soils. In the soil cover of the Daldyn kimberlite field, cryogenic
soils (according to the WRB classification — Cryosols) occupy 40.7 %. Permafrost alluvial soils (Flu-
visols) are an intrazonal type and are located on 19.4 % of the territory [12]. Subordinate types are
cryogenic sod-carbonate underdeveloped (Rendzic Leptosols) and permafrost sod-gley (Umbric
Gleysols) soils. For zonal loamy soils of watersheds, the average temperature for three summer
months (June-August) at a depth of 20 cm varies between 0.1 and 3.6-3.9 °C [37]. The lower horizons
of C or CRM soils are usually frozen even during the summer months. The hygroscopic moisture
content ranges between 0.98 and 3.15 % depending on the depth of the horizons and the content of
coarse humus organic. The pH values in the studied soils range from acidic to alkaline — 4.3-8.7
(Table 1). Moreover, most of the soil samples are characterized by alkaline pH, their share is 70 %.
About 15 % of soil samples have a neutral pH. The organic content is quite high, which is typical for
soils in northern regions and is associated with poor decomposition of organic.

Table 1
Physical-chemical properties of the studied soils
Parameters Mean Geometric mean Minimum Maximum (64" Std.Dev.

pH 7.62 7.56 4.32 9.3 0.72 0.85
Humus, % 9.88 7.01 1.10 47.0 72.52 8.52
Corg, % 5.73 4.07 0.64 27.26 24.4 4.94
Granulometric composition, mm

1-0.25 1.04 0.44 0.05 281 1.47 1.21

0.25-0.05 7.65 6.66 3.00 12.19 18.06 4.25

0.05-0.01 23.45 22.57 15.61 30.86 47.76 6.91

0.01-0.005 10.34 10.31 9.55 11.55 0.68 0.83

0.005-0.001 15.83 15.28 11.67 23.66 24,01 4.90

<0.001 25.21 24.12 12.7 29.74 49.9 7.06

<0.01 51.38 51.24 46.55 57.71 18.09 4.25

>0.01 32.14 31.43 22.14 42.59 55.8 7.47

Note. CV — coefficient of variation; Std.Dev. — standard deviation.

Soils are generally characterized by a heavy grain size distribution with a predominance of finely
dispersed fractions. Clay fractions have the highest sorption capacity and can accumulate the most of
trace elements [38].
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Concentrations of trace elements in soils and plants. The concentrations of PTE determined in
soils and plant leaves are presented in Table 2. Average concentrations of trace elements (mg/kg) in
soils decrease in order: Mn > Ni > Zn > Cu > Co > Pb > Cr > As > Cd. The contents of Ni, Cr, Co,
As, Mn in them exceeded background values by 4.93; 2.09; 1.72; 1.69 and 1.65 times, respectively.
The coefficient of variation reflects the average variation in the concentrations of heavy metals, at the
same time, CV > 35 % reflects a high level of fluctuations, 15 % < CV < 35 % — a moderate level
of variation, and CV < 15 % — a low level of variability [39, 40]. In this study, CV of five elements
(Mn, Ni, Zn, Co, and Cu) were greater than 35 %, which indicates high fluctuations in values. Cr is
characterized by medium variation, while Pb, Cd and As are characterized by low variation.

The distributions of average concentrations of trace elements in the two plant species are almost
identical and are arranged in descending order as follows: Mn > Zn > Cr > Ni > Cu > Pb > As >
> Co > Cd, with the exception of Zn, which was below the detection limit in the leaves of Duschekia
fruticosa R.

In leaves of Betula middendorffii T. concentrations of Ni, Mn, Cd, Cr and Zn exceeded the values
in leaves Duschekia fruticosa R. by 1.19; 4.59; 1.43; 2.67, and 1.02 times, respectively. Variation
coefficients were high for Mn in both leaf types and for Zn in leaves of Betula middendorffii T.

Assessment of potential environmental risk. Based on the data obtained, an index of potential
environmental risk Er was calculated [27, 41], which varied for each element over a very wide
range (Fig.2, a): Zn — 0.05-36.5; Cr — 0.22-42.9; As — 0.25-8.4; Cd — 0.78-33.6; Pb — 1.65-33.0;
Co — 2.7-173.3; Ni — 5.0-819.0; Mn — 34.8-1856.0. Average values Er for the elements under
study are arranged in order Mn > Ni > Co > Zn >Pb > Cd > Cr > As.

Table 2
Descriptive statistics of trace element content in soils and plant leaves of the study area, mg/kg
Samples Parameters Pb Ni Mn Cd Co Cr Zn Cu As
Mean 221 | 1539 | 31163 | 0.14 4.53 194 | 1210 | 8.21 0.22
Geometric mean 1.80 343 | 1999 | 0.106 | 2.73 | 0.967 | 9.36 6.14 0.12
Soils Minimum 0.33 1.00 | 34.76 | 0.03 0.53 0.11 0.05 0.82 0.03
Maximum 6.60 | 163.8 | 1856 112 | 3465 | 2145 | 36.46 | 2844 | 0.84
Std.Dev. 141 | 4097 | 4155 | 0.18 6.92 4.08 6.99 6.40 0.21
cVv <15 > 35 > 35 <15 >35 | 15-35 | >35 > 35 <15
Background value* 1.79 3.12 189 0.11 2.64 0.93 9.47 5.81 0.13
Mean 3.03 8.08 | 1448 | 0.04 0.39 | 1230 | 4294 | 4.73 b/d
Geometric mean 2.85 7.70 55.64 | 0.03 0.27 12,19 | 37.48 | 4.59 b/d
Betula middendorffii T. Minimum 151 | 4.00 | 1467 | 003 | 013 | 992 | 2500 | 292 | b
Maximum 7.33 15.9 2237 0.26 271 | 1562 | 9754 | 8.83 b/d
Std.Dev. 1.15 261 | 4085 | 0.04 0.46 167 | 2418 | 1.27 -
CVv <15 <15 > 35 <15 <15 <15 > 35 <15 -
Mean 3.09 6.81 315 0.03 0.15 | 12.08 b/d 5.16 b/d
Geometric mean 2.98 6.63 | 25.71 | 0.03 0.14 | 11.98 b/d 5.08 b/d
Duschekia fruticosa R. Minimum 214 | 345 | 965 | 003 | 013 | 960 | bid | 413 | b/
Maximum 4.58 9.02 98.9 0.05 0.44 | 14.49 b/d 7.04 b/d
Std.Dev. 0.86 1.47 24.2 0.01 0.08 1.59 b/d 0.97 -
cVv <15 <15 > 35 <15 <15 <15 - <15 -
Background value** | 2.88 739 | 4482 | 0.03 022 | 1213 | 3346 | 4.72 b/d

Note. * — background concentration values for soils according to [42]; ** — for vegetation [12]; b/d — below detection limit;
CV - coefficient of variation, % (< 15 — low, 15-35 — moderate, > 35 — high level of variation).
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Fig.2. Box diagram of potential environmental risk factor Er («); assessment of soil contamination
based on potential environmental risk RI (b)

Results of the comprehensive assessment of RI elements range between 92.0 and 2840.9 with an
average value of 485.8. Specifically, 19.51 % were considered to be at high environmental risk,
while the shares of significant, moderate and low environmental risk were 21.95, 53.66, and
4.88 %, respectively. This indicates that most of the study area is at or above moderate ecological
risk level, and Mn and Ni are its main factors (Fig.2, b).

The highest environmental risks in terms of RI value were recorded in the impact zone of waste
rock dumps at a distance of 50 to 100 m towards watercourses — P-19/2 in the impact zone of the
Udachnaya pipe quarry dumps with deflection towards the Daldyn River and S-2, dumps of the
Zarnitsa pipe quarry with a slope towards the Dyakha Stream. The defined “train” is the result of both
mechanical movement along the slope towards the watercourses, and wind deflection in the western
and northwestern directions, according to the wind rose, from the dumps and sides of the quarries of
the Udachnaya and Zarnitsa pipes.

Bioaccumulation factor. The northern taiga forests in the Daldyn river basin consist of virtually
only one tree species Larix gmelinii. In this case, the undergrowth in larch thin forest or pure brush-
wood are formed by Betula middendorffii T., Duschekia fruticosa R. and various types of willows.
Forest stand density is 0.3 or higher, therefore, the role of the shrub layer in northern taiga landscapes
is very important. The most common shrubs Betula middendorffii T. and Duschekia fruticosa R. in
the area were selected as BAF indication objects. To understand the process of bioconcentration in
the soil-plant system, BAF is calculated for each survey site (Table 3). The average BAF values were
arranged in the following order for birch: Cr > Zn > Ni > Mn > Pb > Cu > Cd > Co; for alder —
Cr>2Zn>Ni>Pb>Cu>Mn >Cd > Co. The only difference is the lower Mn content in alder leaves.
Regardless of the type of plant, Cr has the highest phytoabsorption potential, followed by Zn
and Ni. The proportion of absorbed elements with BAF > 1 in the studied plant species was: Zn
(97 %) > Cr (94 %) > Ni (86 %) > Pb (75 %) > Cu (39 %) > Mn (8 %) in Betula middendorffii T. leaves;
Zn (100 %) > Cr (100 %) > Ni (93 %) > Pb (64 %) > Cu (43 %) in Duschekia fruticosa R. leaves.

The absence of accumulation of Cd and Co in birch leaves was noted; Cd, Co and Mn in alder
leaves. The highest phytoabsorption in birch leaves was noted at points P-11 for Pb, Mn, Cr and Cu;
P-32 for Ni; P-15 for Zn. In alder leaves, maximum phytoabsorption was found at the studied points
P-17 for Pb, P-29 for Ni, P-12 for Cr, P-16 for Zn, S-4 for Cu. It has been established that the most
of trace elements is accumulated by plants at the observation point P-11, located on a depleted pit for
the extraction of construction materials for road filling, where Technosol is formed on basic rocks on
the surface.

60

This is an open access article under the CC BY 4.0 license



Table 3
BAF in the leaves of plants in the study area

Vegetation type Parameters Pb Ni Mn Cd Co Cr Zn Cu As

Mean 2.07 3.26 2.32 0.36 0.16 | 18.85 | 10.15 | 1.02 -

Betula middendorfii T Geom_et_nc mean 1.62 2.25 0.27 0.29 0.09 12.30 3.77 0.76 -

(n = 36) Minimum 0.39 0.07 0.02 0.06 0.01 0.52 0.99 0.18 -

Maximum 9.64 8.40 | 64.36 | 1.07 0.78 | 135.6 | 210.0 | 4.27 -

Std.Dev. 1.76 191 | 10.75 | 0.25 0.19 | 22.89 | 34.60 | 0.84 -

Mean 1.86 3.24 0.26 0.25 0.08 | 1597 | 3.43 1.21 -

. . Geometric mean 1.58 2.68 0.18 0.23 0.07 | 1501 | 271 0.95 -
Duschekia fruticosa R. o

(n = 14) Minimum 0.65 0.55 0.02 0.06 0.03 8.05 1.05 0.24 -

Maximum 3.23 8.59 0.97 0.41 0.24 | 26.66 | 1055 | 2.90 -

Std.Dev. 0.98 2.05 0.24 0.08 0.06 5.92 2.83 0.81 -

Occurrences of kimberlite magmatism in the study area are reflected in the geochemical field
against the backdrop of regional ancient and modern landscapes in the form of specific primary and
secondary biogeochemical halos of a wide range of elements, representing a kind of natural geochemi-
cal anomaly.

Key indicator elements — Cr, Ni, Co, Zr, Li, Cu, Ba, Nb, Ti, Sr, Ga, Sc, V and Mn [42-44]. For
diamond-bearing varieties of kimberlites, Cr and Ni are typomorphic. Accordingly, the accumulation
of these elements in soils and vegetation in the territory of kimberlite fields is quite natural, and also
explains geochemical inheritance Cr, Ni, Mn and Cu for both Betula middendorffii T. and Duschekia
fruticosa R.

Analysis of the spatial distribution of BAF for two shrub species showed different results. In the
northern taiga landscapes Betula middendorffii T. is widespread throughout terrigenous-carbonate
formations; horizons of spotted, banded, and calcitated dolomites; dolerites; tuffs; tuff breccias
and tuffaceous formations. Early studies [12] have shown, that Betula middendorffi T. is capable
of accumulating a larger number of trace elements and has a greater potential for phytoextraction.
The highest BAF values are found in areas within the impact zone of mining facilities — quarries and
waste rock dumps of the Udachnaya and Zarnitsa kimberlite pipes, as well as enrichment — tailings
ponds, underground injection sites for highly mineralized brines (Fig.3). Betula middendorffii T.
is characterized by high resistance to microelement content in soils, while keeping homeostasis of
ontogenesis.

Overall, the spatial analysis of BAF confirmed the findings regarding the absence of bioaccu-
mulation of Cd, Co and Mn in birch leaves both in the areas of formation of ore-bearing rocks and on
the periphery of the Udachnaya and Zarnitsa kimberlite pipes. In addition, the BAF values for these
elements do not increase during technogenic transformation, despite the increase in the concentration
of Cd, Co and Mn in technosols. Phytoaccumulation of Cr, As and Zn can be explained by the increase
in the concentration of these elements within the boundaries of the man-made anomaly in the soils of
the industrial site of the mining and processing plant.

Trace elements are known to influence many aspects of cellular metabolism. Cationic forms of
microelements can bind with carboxyl, hydroxyl, phosphate and amino groups, causing changes in
those elements that comprise these groups, whether they are nucleotides, proteins, coenzymes, phos-
pholipids. As a result of the suppression of enzyme systems, the processes of respiration and protein
synthesis, and the functions of the cytoplasmic membrane are disrupted [45, 46]. Metals that reach
the leaves accumulate in the vacuoles of the epidermis [47, 48] and its derivatives — trichomes and
glands [49], which serve to remove metals from the plant body.

The developed mechanism may be useful for explaining the principles of better adaptation of
plants to biotic and abiotic challenges. Very contrasting plant responses, manifested at the transcrip-
tional and translational levels, depend on the concentration of elements in the soil and are consistent
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Fig.3. Bioaccumulation factor in Betula middendorffi T. leaves

with the concept of hormesis, an adaptive mechanism, which ensures plant resistance to environmental
challenges, including high concentrations of elements in soils, caused by telescoping of the kimberlite
anomaly occurrence. Manifestations of adaptive mechanisms include birch's tolerance to high con-
centrations of chromium, arsenic, and zinc.

Larch forests with Duschekia fruticosa R. are formed in patches in the upper part of the slopes,
they are confined to kimberlite outcrops and partially to their deluvial trains. Kimberlite bodies
intrude the dolomite horizon, and at outcrop points, more favorable conditions for moisture and drainage
are created than on the enclosing carbonate deposits. Larch forests with Duschekia fruticosa R., con-
fined to kimberlite bodies, stand out sharply against the background of larch lichen sparse forests,
related to carbonate rocks [50]. In soils this is reflected in the elemental composition with a predominance
of associations coherent with kimberlites. The Udachnaya pipe quarry has been developed since 1982,
and the Zarnitsa pipe since 1998, and the main forest areas with Duschekia fruticosa R. are already
buried under man-made landscapes. Fragmentary preserved areas border the periphery of the kimber-
lite field (Fig.4). BAF values vary greatly with maxima, confined to impact zones of anthropogenic
impact.

Unlike Betula middendorffii T., the leaves of Duschekia fruticosa R. do not show phytoabsorp-
tion of Mn, Cd and Co, despite high concentrations in soils. High BAF values are characteristic of
areas near quarries and tailings dumps with high phytoabsorption of elements coherent to kimberlites
Crand Ni.

Active accumulation of elements, in particular Ni, Cr and Cu, is associated with the high content
of low molecular weight acids such as malic and malonic, in plants growing in soils formed on acidic
or ultrabasic rocks [51]. Kimberlites and dolerites of the Daldyn kimberlite field are precisely igneous
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Fig.4. Bioaccumulation factor in Duschekia fruticosa R. leaves

ultra-basic rocks of the extrusive facies. The soils in these areas are characterized by acidic or slightly
acidic pH. Therefore, the maximum accumulation of Ni, Cr and Cu in the leaves of Duschekia fruticosa R.
is quite natural.

Unstable plant species have a limited ability to remove metal ions into the tonoplast and therefore
accumulate trace elements in the form of low-mobile compounds directly in the cytoplasm [52].
In deciduous shrubs, a significant portion of the elements accumulates in the chloroplast, thereby
ensuring the stability of ontogenesis in conditions of high concentrations of trace elements in soils and
rocks, what is observed in the example of Duschekia fruticosa R. And Betula middendorffi T. is tolerant

Mn. Cd. Co. Cu M Betula middendorffii T. I Duschekia fruticosa R.

50 3 Pb, Ni, Zn, As R? = 0.9897
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Fig.5. Level of biological capture and accumulation of microelements in the soil — plant system
at the Udachny MPP industrial site
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to variations in soils and rocks, therefore it is widespread throughout the northern taiga landscapes,
but exhibits the most pronounced response to the effects of excess concentrations of trace elements
under anthropogenic influence. The analysis of BAF values at each observation point generally con-
firms the identified patterns (Fig.5).

Thus, in the leaves of Betula middendorffii T. and Duschekia fruticosa R., Mn, Cd, Co and partially
Cu are characterized by the absence of accumulation and weak biological capture. At the level of
weak accumulation, the studied species differ in variations of Ni and Cu accumulation. Vigorous ac-
cumulation occurs in 5.4 and 11.6 % of cases for chromium and arsenic in leaves Duschekia fruticosa R.
and Betula middendorffii T., respectively. In addition, at two points located near the tailings ponds,
strong accumulation of Zn and Cr in leaves Betula middendorffii T. was recorded.

Summarizing the conducted research, it is necessary to note that the geochemical situation in the
soil-plant system that has developed in the territory is a consequence of natural and man-made con-
ditions, distinguishing features of the rocks of the Daldyn kimberlite field and the consequences of
the stages of development of diamond-bearing deposits.

Conclusion

Creation of a modern biogeochemical picture of any territory where mineral deposits are being
developed, is determined by the features of rocks and the related landscape-geochemical environ-
ment, but in many ways the situation changes depending on the nature, level and stages of commercial
development. Two large primary diamond deposits have been commercially developed and are being
mined in the Daldyn kimberlite field in Western Yakutia — Udachnaya and Zarnitsa kimberlite
pipes. A modern mining enterprise with an extensive infrastructure covering all stages of deposit
development has been created. The transformation of landscapes has created vast areas of man-made
transformed territories with their own geochemical specifics. The assessment of potential environ-
mental risk revealed that approximately 58 % of the study area is at low (4.8 %) and moderate
(53.6 %) risk of soil pollution. The category of moderate soil pollution includes areas where natural
geochemical anomalies are formed in soils, caused by the intrusion of traps and kimberlites. Areas
with significant (21.9 %) and high (19.5 %) potential environmental risk are located in impact zones of
quarries and waste rock dumps. High concentrations of Mn and Ni, as well as the diversity of their
contents in soils, are the main factors of environmental risk.

The indicator function of the shrub layer is clearly demonstrated when analyzing the geological struc-
ture and relief of the territory. The constructed spatial bioindication schemes display the resistance of the
ontogenesis of Betula middendorffii T. and Duschekia fruticosa R. to high variations in the content of
trace elements in soils, resulting from natural and man-made anomalies, as a result of the combined impact
of the geological environment and man-made factors.

Analysis of the bioaccumulation coefficient in the soil-plant system on the territory of the mining
and processing plant revealed that Betula middendorffii T. and Duschekia fruticosa R. shrubs exhibit
resistance to high concentrations of elements Cr, Ni, Co, Cu, Mn, Zn which coherent to kimberlites
and dolerites, providing detoxification of metal ions and resistance to stress. The conducted studies
allow us to recommend the use of Betula middendorffii T. leaves for geoecological monitoring of
changing situations in commercial development areas in northern taiga landscapes. The content of
microelements in the leaves Duschekia fruticosa R. can be used as bioindication objects in geological
and geochemical exploration work.

Information on the physiological and biochemical responses of organisms, including higher vas-
cular plants, are very contradictory and insufficient, and there are very few studies of plant physiology
and their development in areas of formation of biogeochemical provinces related to the occurrence
of magmatism of rocks and tectonic deformations, and they are concentrated primarily in agricultural
areas. However, such studies are important for understanding the processes of detoxification of metal
ions from the plant body, bioaccumulation of potentially toxic elements, and also for the practical
implementation of phytoremediation technology in real conditions.
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