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Abstract
The problems of geoenvironmental consequences of mining operations are especially acute in the arctic and
subarctic regions, where the spread of permafrost significantly reduces the buffering capacity of landscapes.
The article presents data on the content of heavy metals in the soil cover of the transient zone between the
middle taiga and north taiga landscapes of Western Yakutia under the conditions of mining operations and
assesses the resistance of different types of soils to heavy metals pollution. Field and laboratory works were
carried out in August 2022. The heavy metals content was determined by atomic absorption spectrometry.
Specialized software was used for analysis, such as MS Excel 2013, Statistica 12.0, and QGis 3.26.1. Calculation
of organic forms of heavy metals in soil solutions was performed using the NICA-Donnan model. In the
course of studies, the structure of the soil cover in the Nakyn kimberlite field in the conditions of the mining
industrial complex operation was determined and a sketch map of the soil cover of the territory was compiled.
The geochemical series of the studied heavy metals is as follows according to the degree of concentration of
heavy metals in cryolithic soils: Pb > Zn > Ni > Cu > Cd > As > Hg. Positive correlations between humus and
Cd, Pb, Zn, as well as the occurrence of synergism in the Pb—Cd, Zn-Pb, Zn—-Cu pairs were revealed. The soils
organic matter enhances migration of heavy metals. The man-made input of Ni and Zn in cryolithic soils
will lead to increase of mobile fraction. Cd is more mobile in pale-yellow carbonate and cryogenic soils. The
regional background level of heavy metals for these types of soils was calculated, which can be used in future
works when the intensity of mining operations increases.
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AHHOTaUuA

[Tpo6seMbl TEOIKOIOTUYECKUX TOCIENCTBUI TOPHOMOOBIBAIOIMUX MPEINPUITUIL CTOSIT OCOOGEHHO OCTPO
B apKTUYeCKMUX U MPUAPKTUUECKUX paiioHax, TIe paclpocTpaHeHMe BeYHOI! Mep3/0Thl 3HAUUTENbHO CO-
Kpaiaet 6ydepHbie crioco6HOCTM JaHAmadTOB. B cTaThe mpeacTaBaeHbl JaHHBIE O COMEPKAHUM TKEITbIX
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MEeTaJJIOB B TIOUBEHHOM ITOKPOBE ITepeXOAHOM 30HbI OT CPeIHETAEKHBIX K CeBEPOTAEXKHBIM JaHAIahTaM
3amagHoii IKyTUM B YCIOBUSX (PYHKIMOHMPOBAHMS TOPHOIOOBIBAIOIIETO MPOM3BOMACTBA Y MPEOJIOKEHBI
MOJXOAbI K OLleHKe YCTOMUMBOCTY PAa3HbIX TUIIOB MOYB K 3arPSI3HEHUIO TSDKeJIbIMM MeTaiaMu. IloneBbie
1 1abopaTopHbie paboThl TpoBeeHbI B aBrycte 2022 r. OnpeneneHne cogep>KaHmUs TSDKETbIX METaJIOB TPO-
BOAMJIOCh METOOM aTOMHO-a6COPOLMOHHOI ClieKTpoMeTpun. ik aHa/I13a UCII0/Ib30BaIOCh CIIeLan3un-
poBaHHOe mporpamMmHoe obecrieuenme — MS Excel 2013, Statistica 12.0, QGis 3.26.1. PacueT opraHu4eckux
bopm HaxOXIeHMST TSKEJIbIX METAJ/UIOB B ITOYBEHHBIX PACTBOpPAaX BBIMIOJIHEH C MOMOIIbI0 Momenyu NICA-
Donnan. B xoze uccienoBaHus orpefe/ieHa CTPYKTypa IMOYBEHHOTO MOKpoBa HaKbIHCKOTO KMMOEPIUTO-
BOTO MOJISI B YCIAOBMSAX (PYHKLIMOHMPOBAHMS TOPHOIIPOMBIIIJIEHHOTO KOMILJIEKCA M COCTAB/IEHa KapTa-cxXema
TMOYBEHHOTO MOKPOBA TePPUTOpUM. [e0XUMMUIECKUI psIA, M3YUEeHHBIX TSHKeJIbIX MeTasI0B 10 CTelleH) KOH-
LIEHTPUPOBAHUS TSDKEIBIX META/VIOB B TIOUBAX KPMOMUTO30HBI: Pb > Zn > Ni > Cu > Cd > As > Hg. BeiaBieHbI
TTOJIOKUTEIbHBIE 3aBUCUMOCTM Mexkay rymycoMm u Cd, Pb, Zn, a Takke IIpOSIBIEHNE CMHEPTU3Ma B ITapax
Pb-Cd, Zn-Pb, Zn-Cu. OpraHuueckoe BemeCTBO IMOYB YCWIMBAET MUTPALIMIO TSDKEIbIX METaIoB. TeXHO-
TeHHOE MOCTYILJIEHME B ITOYBBI KPUOMUTO30HBI Ni 1 Zn IIpMUBeIEeT K pOCTY IO UX MOABUKHBIX HopM. B ma-
JIeBO-KapOOHATHRIX M KpMo3eMax B 6osbiieii creneny moasisked Cd. Paccunrad permoHanbHbiii POHOBBIN
YPOBEHbD TSIKEJIbIX META/JIOB [JIsl JAHHBIX TUIIOB TIOYB, KOTOPbIV MOKET ObITh MCITOJIb30BAH B OYAYIINX pa-
60Tax Mpu yBeIUYeHUM MHTEHCUBHOCTY TOPHOA06bIBAOIIMX PaboT.

KnioueBble cnoea

TSDKeJIble MEeTaJUTbl, 3arpsi3HeHNe TT0YB, TA@XKHO-Mep3JI0THbIE ITOUBbI, KPMO3EMBI, aIMa30/100bIua, HIOPOMHCKOE
KUMOEepIMTOBOE T0JIe, MbIIIbSK (As), kKagmuii (Cd), pryts (Hg), cBuner (Pb), mens (Cu), Hukenb (Ni), HUHK (Zn),
3anagnas SAxkyTusi, bopMbl MUTPALIVN, TEOXUMMSI, TEpMOAMHAMMUUecKoe MmoaenvpoBanue, NICA-Donnan

BnaropapHocTu

ABTODBI 6/1aro1apsAT KOJUIEKTUB UCITbITaTeNIbHOI TabopaTopunu 000 «9KOCTAHJAPT «TexHuuyecKue perie-
HMSI» 3@ IPEAOCTaB/eHle Tapbl, PEareHTOB U BBINIOJHEHNE aHAIUTUUYECKUX UCCIeN0BaHMI, a TakKkKe PyKOo-
BozacTBO OO0 «DKOCTAHIAPT «TexHuueckue penieHus» 3a OpraHm3ainuio moieBsix pabot. Pabora o ms-
YUYEHUIO MUTPAIIMOHHBIX (POPM TSIKEJIBIX META/IJIOB BBITIOJIHEHA ITPU IToAAepikKe rpanTa PHO 23-27-00140.

Ansa umtupoBaHus
Titov A.S., Toropov A.S. Geoenvironmetal assessment of different types of cryolithic soils in Western Yakutia
under the conditions of diamond-mining operations. Mining Science and Technology (Russia). 2024;9(2):170-182.

elSSN 2500-0632

https://mst.misis.ru/

Titov A. S., Toropov A. S. Geoenvironmetal assessment of different types of cryolithic soils in Western Yakutia...

https://doi.org/10.17073/2500-0632-2023-12-188

Introduction

Large industrial complexes influence the change
in physical and chemical parameters of cryolithic
soils [1], affect the functioning of the soil cover di-
rectly and determine the intensity of its man-made
pollution [2]. Man-made pollution of soils spreads
along the prevailing wind direction over considera-
ble distances by atmospheric transfer of pollutants
formed during the operation of heavy machinery [3]
and dusting processes [4]. The territories of the
permanent allotment are almost completely trans-
formed [5], natural landscapes are converted into
man-made ones, and beyond its boundaries local
areas characterized by the increased content of
chemical elements may be formed [6].

The location of large industrial complexes in
subarctic regions, where the soil profile is thin, the
drainage of the territory is poor, and permafrost
rocks are widespread, requires a deeper study of the
geoenvironmental consequences of mineral extrac-
tion [7], as they have a negative impact on the ability
of soils to self-restore. This is also noted by a num-
ber of authors [8].

The above factors make it necessary to study
heavy metals in the soil cover of the cryolithic zone
near operating industrial complexes to form a da-
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tabase for complex geoenvironmental research and
monitoring [9]. The relevance of the study of the na-
tural environment geochemical features in the Far
East of the Russian Federation, also in the conditions
of active cryogenic processes, is emphasized by the
availability of recent studies in such regions [10].

The research was conducted in the Nyurba Dis-
trict of the Republic of Sakha (Yakutia) within the
Nakyn kimberlite field (NKF) [11] (Fig. 1). The pur-
pose of the study was to analyze the features and
distribution patterns of the gross content along
with the assessment of migration features associa-
ted with the organic matter of heavy metals (HM)
in cryolithic soils under the conditions of diamond
mining operations.

To achieve this goal the following tasks were
set and solved: to conduct field geoenvironmental
studies in the territory under consideration and
soil sampling, to determine the main chemical in-
dicators and the actual content of HM in soils, to
determine the main distribution patterns of HM de-
pending on chemical indicators and the soil type,
to establish the forms of occurrence of HM in water
extracts, and to calculate the background values of
the gross content of Cd, Hg, Ni, Cu, Zn, Pb, and As
for further studies.
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The NKEF is located within the Siberian platform
composed of metamorphic rocks of the Archean age,
overlain by a thick sedimentary cover of the V-] age.
In terms of the regional tectonic structure, the NKF
is located at the junction of the Nepsko-Botuobinsky
anteclise, the Syugdzhersky saddle and the Vilyui
syneclise. The relief of the territory is denudational.
It is represented by a slightly sloping plain, which
is structurally confined to the macroslope of the
Markha-Khannya-Nakyn interfluve. The absolute
elevations are 220-248 m.

The climate of the area is extreme continental. The
northwestern wind direction prevails (27%), although
calms dominate (36%). The territory is dissected by
a ravine and gully network. The main water artery is
the Dyakhtar-Yuryage River (a tributary of the Markha
River). The soil cover belongs to the group of taiga-
frost soils. According to geobotanical zoning the
territory belongs to the boreal vegetation kingdom of
the Central Siberian province with the predominance
of Larix Gmelinii (Rupr.) [11].

Objects and methods of research

Field work was carried out in 2022 on the terri-
tory of transitional landscapes of the Markha-Khan-
nya-Nakyn interfluve (Fig. 2). A part of the research
was carried out within the sanitary protection zone
(SPZ) of the mining complex, and a part outside the
SPZ, in the ratio of 40/60. To determine the content of
heavy metals in the soil cover of the adjoining territo-
ry, test sites with the soil structure survey points were
allocated. Soil by-pits were arranged throughout the
territory, and soil sections were studied at the sites
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with different biotopes to the depth of permafrost
occurrence. The test sites were arranged, considering
the wind rose: a half of the test sites was arranged on
the leeward side, and the other half on the windward
side. The main sources of possible soil cover pollution
at this location are the site of immediate field devel-
opment and its infrastructure.

Sampling and sample transportation were
carried out in accordance with the methods generally
accepted in the geoenvironmental studies!. A total of
54 samples were collected at 27 sampling locations in
the surveyed area.

The gross content of the following heavy met-
als was determined in the collected samples: Cd, Hg,
Ni, Cu, Zn, Pb, and As by atomic absorption spectro-
metry using the Kvant-Z spectrometer. The phys-
ical and chemical parameters were determined by
potentiometric method (pH), the content of organ-
ic matter was determined by colorimetry according
to I.B. Tyurin, the particle-size distribution was de-
fined in field conditions according to Kachinsky, and
laboratory studies were performed by sieve analysis.
The quantitative data obtained were processed using
the Microsoft Excel 2013, Statistica 12.0 software,
and cartographic material was compiled using the
Quantum GIS 3.26.1 software.

1 All-Union instruction on soil surveys and compilation
of large-scale soil maps of land use, GOST 17.4.4.02 “Nature
protection. Soils. Methods for sampling and preparation of soil
for chemical, bacteriological, helmintological analysis».

Fig. 1. Sketch map of the studied area:
a - relative to the Russian Federation; b - satellite image of the surveyed area in R-G-B
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The standard calculation of the total pollution
indicator — Z_ [12] was used for integral assessment:

Z =Y (K +..+K_)-(n-1),

where K_ is the coefficient of concentration of the i-th
component; n is the number of the summed K,

where C; is the actual content of the element; C, is the
background content of the element.

The ranking has been adopted conditionally in
accordance with the current RD: 16 — permissible;
16-32 — moderately dangerous; 32—128 — dangerous;
> 128 - extremely dangerous [12].

The migration patterns of elements in the water-
soluble fraction (1 : 10) of soils were calculated using
the Minteq 3.1 complex, taking into account pH, the
main anions and cations, and the dissolved organic
carbon concentrations according to the NICA-
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Donnan model with the fulvic acids to humic acids
ratioof 1 : 8.

To assess the environmental state of soils it is
customary to use the reference (background) content
of various elements in them, but to date, extensive
background studies for the gross content of HM for
this area or in similar conditions have not been
conducted. A comparison is proposed based on our
own background studies, n = 5.

Results and discussion

Cryogenic soils, pale-yellow carbonate soils and
peat-bog soils are common within the surveyed area
(Fig. 3).

High-frost homogeneous cryogenic soils (Fig. 4, a)
are up to 42 cm thick, structureless, running. The par-
ticle-size distribution is close to light loams, and the
permafrost surface is undulate. The upper levels are
weakly acidic, neutralized with depth, and the soil
acidity is in direct correlation with organic matter,
which is typical for such soils [13].

Fig. 2. Soil cover research:
a - preparation for test pit drivage; b - test pit drivage

1, |l e |

Homogenous cryogenic soils on floodplain
complexes and waterlogged lands

A Pale-yellow carbonate soils on drained terrace

and interfluve areas

Peat-bog soils on stagnant-water sites

Fig. 3. Schematic map of soil conditions of the surveyed area (1 : 5000)
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Peat-bog soils (Fig. 4, b) have been formed within
oligotrophic bogs and in areas of local depressions.
These soils are developed to a depth of 40 cm, and the
lower level is waterlogged.

Pale-yellow carbonate soils (Fig. 4, c¢) are domi-
nant in the surveyed area and occupy up to 69% of
the territory. This type of soil has a greater profile
thickness — up to 64 cm, has been formed on sandy-
light loamy substrate in the old bed of the Dyakhtar
Yuryage River, and the permafrost layer is under al-
luvial sediments.

Cryogenic soils occupy mainly slightly slo-
ping areas of the Dyakhtar-Nakyn interfluve and are
formed on cryogenic landforms (Fig. 5, a — boolgu-
nyakhs, weakly polygonal relief). The subtype is ho-
mogeneous thin high-frost cryogenic soils. They are
diagnosed mainly by cryoturbation traces within the
profile [14].
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Peat-bog soils (Fig. 5, b) are confined to the
Dyakhtar-Yuryage River valley (Fig. 5, b). The studies
showed that soil groupings have a relatively homoge-
neous structure and thickness. The vegetation cover
is homogeneous, with Larix Gmelinii as the dominant
species in the stand, and the Betula Alba (Roth.) birch
as an admixture; the state of the stand in interfluvial
and terrace complexes is suppressed, with dechroma-
tion and, less often, defoliation observed; in flood-
plain complexes it is satisfactory [15].

Pale-yellow carbonate soils (Fig. 5, ¢). They are
formed both on solid masses of Larix Gmelinii and on
forest edges covered mainly with shrubby species —
cowberry Vaccinium vitis-idaea (L.) Avror., blueberry
Vaccinium uliginosum (L.), waterberry Empetrun ni-
grum (L.), on extensive thickets of cladonia Cladonia
stellaris (Opiz.) Pouzar &Vezda and Cladonia rangiferi-
na (L.) Weber &Wigg (Fig. 5, ¢).

Fig. 4. Characteristic structure of the soil profile:
a - studied cryogenic soils; b — peat-bog soils; ¢ — pale-yellow carbonate soils

Fig. 5. Overview of the sites:
a - intersected cryogenic soils; b — peat-bog soils; ¢ — pale-yellow carbonate soils
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The studied cryogenic soils are characterized
by a generally low humus content in the upper
level (0.73+0.05% on average) with an abrupt
characteristic increase in the lower layer due to
cryoturbation (V = 12/56%) (Table 1). The clay
fraction is relatively homogeneous in the range of
24.0-29.1%, which corresponds to heavy sandy-
light loamy soils. The reaction of the medium in the
studied levels varies from slightly acidic to slightly
alkaline, and there is no characteristic distribution
in the levels due to cryoturbation.

The humus content in the upper levels of pale-
yellow carbonate soils is generally uniform, and in
the underlying level the humus content decreases
abruptly. The clay fraction varies from 16.8 to 39.1%
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in the upper level and 20-31% in the lower level,
which corresponds to light loams with insignificant
sandy loam interlayers. The reaction of the medium is
typical for pale-yellow carbonate soils — it varies from
acidic to alkaline with depth throughout the profile.

In peat-bog soils the total humus content
decreases noticeably, and the medium changes
from neutral to slightly acidic-acidic with depth.
The content of physical clay is from 9 to 29%, which
corresponds to sandy and light loamy soils.

The highest humus content is observed in the pe-
ripheral parts of the surveyed area in close proximity
to the transport and industrial infrastructure facilities
on the windward side. With a relative homogeneity of
soil and vegetation conditions, the differences in the

Table 1
Results of chemical studies of collected soils
. . .. Mean and error Coefficient
Indicator Level Depth, cm Variation range XLS, R 7 07
Homogeneous high-frost cryogenic soils
T 7...24 0.60...0.83 0.73+0.05 12
Humus, %
Cr 24...43 0.42...2.44 1.29+0.36 56
T 7...24 6.8...7.1 7.00+£0.06 2
pH (aqueous)
Cr 24...43 6.1....7.6 6.93+0.27 8
T 7...24 3.9..4.6 4.25+0.01 7
pH (salt)
Cr 24...43 4.5...6.7 5.131£0.46 18
) T 7...24 22.3...26.7 24.0+£0.9 7
Physical clay, %
Cr 24...43 24.0...36.7 29.10+2.62 18
Pale-yellow carbonate soils
A 2...26 0.95...8.53 1.9+0.7 116
Humus, %
B-BCy 26...53 0.2...3.6 0.8+£0.3 119
Ay 2...26 5.1...5.9 5.60+0.09 6
pH (aqueous)
B—BCy 26...53 6.2...7.1 6.85+0.08 4
Ay 2...26 4.1...59 4.10+0.17 4
pH (salt)
B—BCy 26...53 4.1..44 4.25+0.04 12
Ay 2...26 16.8...39.1 30.50+2.14 27
Physical clay, %
B—BCy 26...53 20.2...40.0 27.05+1.34 22
Peat-bog soils
0 5-14 0.8...5.8 2.36+0.80 77
Humus, %
T 14-36 0.1...1.3 0.80+0.22 61
(0] 5-14 5.6...7.3 6.76+0.30
pH (aqueous)
T 14-36 5.5...6.2 6.00£0.11
(0] 5-14 4.1...5.5 4.6+0.2 11
pH (salt)
T 14-36 3.6...4.0 3.84+0.06 4
(0] 5-14 21.5...28.3 25.12+1.10 10
Physical clay, %
T 14-36 9.0...29.9 22.20+3.14 32

Note. Designations of soil levels are given in accordance with the 2004 soil classification.
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humus content can be characterized by an increase in
the content of not only humus, but also a non-humic
part of organic matter due to the input of the man-
made impact [16]. The latter is reflected in the shift
of the soil medium towards acidic one and increased
migration properties with a natural increase in the
concentration of HM in the future [17].

The HM content is relatively homogeneous
(Table 2); practically no sharp peaks are observed in
the sample, and the increased content is noted for all
the studied HM (except for As and Hg). Accumulation
occurs in the upper levels for Ni, Cu, less frequently
for Cd, and in the lower levels mainly for Cd, Pb, and
Zn. Nevertheless, such differences are weakly con-
trast. An increasing contrast of metal accumulation
in soil levels will indicate an increase in the man-
made load and landscape transformation.

According to the average values, the HM content
is higher in lower levels. Analyzing the nature of HM
accumulation, we can say that the upper levels accu-
mulate HM mainly through the mechanism of their
sorption by organic components under the conditions
of weakly acidic medium and weak drainage — main-
ly oxygen sorption physical and chemical barriers are
formed. The lower levels are characterized by accu-
mulation under the conditions of neutral and weakly
alkaline medium, and weak development of gley pro-
cesses in the soil profile for these depths is noted in
the form of bluish spots and leather coatings. Thus,
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the conclusion about the formation of gley alkaline
physical and chemical barriers in above-permafrost
levels is fair [14]. The HM content in the upper layer in
the descending order can be written in the following
form: Pb >Zn > Ni > Cu > Cd > As > Hg.

For the lower layers the record is identical, and
only the concentrations of individual elements
change. At the same time, the content of Pb, Zn, Cu
in peat-bog soils is higher than in pale-yellow soils
and cryogenic soils. This is due to the higher humus
content in the soil profile and geochemical specifics
(Fig. 6).

Considering very homogeneous spatial distri-
bution of HM in the soil surface layer both from the
windward and leeward sides, it can be concluded
that there is no or hard-to-diagnose (by available
methods) mad-made impact as such, the exception
being a few test sites sampled in the zone of direct
adjoining to the waste dump. Here, maximum con-
centrations of the studied HM are recorded. Howe-
ver, considering the metallogeny of the area, this may
also have a predominantly natural origin, since the
ratio of ore elements is preserved. Other authors also
come to similar conclusions for cryolithic zone land-
scapes adjacent to mining areas [3]. The increased
content of organic matter in soils in these areas is
also noted in comparison with the other samples.
No own studies have been conducted on the struc-
ture of emissions on the territory of the enterprise.

Table 2
Results of studies of HM in collected soils
Indicator Level Variation range Mean and error Coefficient Coefficient of
8 XtS, of variation V, % variationn = 5
. Upper 5.2...8.1 7.00+0.14 10
P Lower 6.1...8.1 7.09+0.10 7
Upper Less than 0.05
Arsenic As Less than 0.05
Lower Less than 0.05
Upper 0.65...4.00 1.52+0.18 62
Cadmium Cd 1.04
Lower 0.53...3.80 1.52+0.14 48
Upper Less than 0.005
Mercury Hg Less than 0.005
Lower Less than 0.005
Upper 31...120 56+4 33
Lead Pb 50
Lower 39...155 58+5 43
Upper 3.22...21.90 6.80+0.87 68
Copper Cu 9
Lower 2.8...28.9 7.77+£1.40 93
Upper 16.9...28.6 22.9+0.5 12
Nickel Ni 21
Lower 19.2...37.0 24.00+0.74 16
Upper 18.6...51.0 35.6+2.1 31
Zinc Zn 34
Lower 18.6...52.0 36.6%2.0 28
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Analysis of state reports of the Republic of Yakutia
showed that the structure of emissions is dominated
by gases, 50-65% of which is carbon monoxide.

The correlation analysis shows that there is
a correlation between HM concentrations at the sig-
nificance level of < 0.05 and humus (Fig. 7). Positive
correlations are observed between humus and Cd, Pb,
and Zn. Synergism among the studied HM is reflec-
ted in the following pairs: Pb-Cd, Zn-Pb, and Zn-Cu.
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The values of concentration coefficients of the
HM content in the soil cover, exceeding the back-
ground, are observed for Cd, Pb, Ni, Zn throughout
the sample, and for Cu the background is exceeded
in 87 % of cases, more often in the upper levels. The
basis of the structure of concentration coefficients
is cadmium, and lead and nickel to a lesser extent.
The values of the total pollution indicator vary
from 2 to 10 (see Fig. 3), the average value being 6.

mg/kg
70

60 -
50 A
40 1

30 1
20
10 1
0 -5 0l BN
Cd Pb Cu Ni Zn

B Lower level

W Upper level

Fig. 6. Distribution of the heavy metals content in soils depending on the soil type (left) and soil level (right)

Indicator |Humus, %| pH Cd Pb Zn Cu Ni
rS
Humus, % -0.06 0.06
pH -0.03 -0.05 -0.12 -0.05 -0.15 p=0,05 (r > 0,29)
Cd -0.03 -0.28 - -0.12
Pb -0.05 -0.22 0.10
p=0,05(r>-0,29)
Xn -0.12 -0.28 -0.07
Cu -0.06 -0.05 -0.22 0.06
Ni 0.06 -0.15 -0.12 0.10 -0.07 0.06
Fig. 7. Spearman’s rank correlation coefficients between humus and heavy metals
C PYC PB
Ni 18% Zn 18% Ni 20% Zn 17% Ni 18% Zn 17%
Cd 18% Cu2l%
o Cd 25%
Cu21% Cd25%
Cu23%
Pb25% Pb 15% Pb19%

Fig. 8. Structure of Z_ in the studied soils:
C - cryogenic soils; PYC - pale-yellow carbonate soils; PB — peat-bog soils
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According to criteria [12], the territory can be
ranked according to one pollution level, “Permis-
sible” (100% of the territory). It is important to
note that the total pollution indicator was deve-
loped for soils of residential areas, and it is not quite
correct to apply it to natural areas (including those
subject to technogenesis); it can serve as a reference
and information indicator, the application of the
current gradations in accordance with the RD is con-
ditional, and the impact should be assessed with the
help of complex geoenvironmental studies [16].

The structure of the total pollution indicator
differs for the group of soils under study (Fig. 8).
Pale-yellow carbonate soils are characterized by
the predominance of cadmium and nickel, and cad-
mium has the highest concentration coefficients
(CCmax — 5.4 units). In peat-bog soils, cadmium and
copper also demonstrate a high share in the struc-
ture of the total pollution indicator. This may be due
to the higher content of organic compounds and the
predominance of humic substances in the profile of
these soils. In the studied cryogenic soils, it is diffi-
cult to identify certain regularities in the content of
HM due to the absence of clear differentiation of the
content of chemical elements in the profile of these
soils. Lead prevails in the structure of the total pol-
lution indicator.

The homogeneous distribution of HM concen-
trations in the upper level relative to the lower level
can also indicate the absence or minor occurrence of
the man-made component in the studied area — only
in the areas adjacent to the waste dump, the accu-
mulation factor increases by 1.7-3.2 times.

The features of the HM chemical elements dis-
tribution in the soil cover can be characterized by
metallogenic features of the territory itself, and
to a lesser extent by the presence of the HM under
study in the structure of diamond mining emis-
sions [17]. It is important to note that the territory
under study belongs to the Vilyui-Markha system of
deep faults. In general, the formation of geochem-
ical anomalies in the form of dispersion halos of
predominantly siderophilous (Fe, Ni, Co) and chal-
cophilous (Zn, Cd, Cu, Pb, S) elements is character-
istic of the depositional environment in the area of
such structures [18]. The insignificant contribution
of man-made impact in the structure of the total soil
pollution indicator is indeed confined to the territo-
ries adjacent to the mining and processing facilities.
This may be due to both the metallogeny of the area
and the prevalence of calms, and atmospheric trans-
port with the prevalence of the northwestern winds
is expected at a considerable distance from these
facilities [19].
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The man-made supply of heavy metals as a result
of mining operations will be accompanied by an in-
crease in the share of the most mobile forms of these
elements. As shown by numerous geoenvironmen-
tal studies, the largest share of elements in soils is
strongly associated with its mineral and organomin-
eral components. In this connection the interest was
directed to the study of the migration ability of the
studied elements in the most mobile form (water-
soluble) (Fig. 9). Establishment of the predominant
forms of metals and theirreferencing tonatural organic
ligands can substantiate the forecast of changes in
the environmental situation and change the list of
priority pollutants [18].

Despite the fact that in a water-soluble extract
a small fraction (up to 2%) of the total organic carbon
in soil and approximately the same similar fraction of
the gross metal content (up to 2.5%) are mobilized, it
is this fraction that is the most mobile in ecosystems
and is able to be included in the biological cycle.

According to the thermodynamic modeling data,
the studied elements were divided into two groups:
mainly associated with fulvic acids (Cu, Cd, Pb) and
in the form of free ions (Zn and Ni). Free ions are
the most accessible form for inclusion of metals in
the biological turnover. It is also the most toxic one.
Thus, when entering the cryolithic soils in the sur-
veyed area without taking into account the hazard
class, nickel and zinc will be mobile elements to the
maximum. Cadmium will be more mobile in pale-ye-
low carbonate and cryogenic soils. Copper is the most
firmly associated with natural organic substances in
all types of soils. A part of zinc and nickel in peat bog
soils is weakly associated with the organic matter.
Under changing geochemical conditions, they can be
transferred both to the form of free ions and to the
form more firmly associated with humic substances.

By the share of mobility of water-soluble forms
of heavy metals, the studied types of soils form the
following series: pale-yellow carbonate < cryogenic
soils < peat-bog soils.

Thus, pale-yellow carbonate soils, which domi-
nate at this area, have the lowest environmental
capacity in relation to heavy metals. However, con-
sidering the relief, it can be assumed that when the
territory of pale-yellow carbonate soils is drained by
precipitation, a significant share of soluble forms of
metals will go to the territory with stagnant humidi-
fication (peat-bog soils), where the toxicity of metals
will be partially leveled.

At present, it is proposed to rate the soil cover
for the HM content in accordance with the existing
maximum permissible concentrations (MPC), and in
their absence — with the approximate permissible
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concentrations (APC). This proposal is questionable,
since MPC/APC do not take into account the regional
biogeochemical features of the territory. In the ab-
sence of the established MPC/APC it is proposed to
use the established regional background, but it has
been calculated not in all regions and not for all soils.

Due to the long-term functioning and evolution
of the soil cover in the conditions of a relatively close
location of the operating mining and processing com-
plex, the obtained data on the gross HM content can
be used as background values for further research and
control of the soil cover condition during monitoring
and production control.
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Based on the results of the soil survey, the back-
ground values for the studied soils were calcula-
ted. The distribution of HM in the peat-bog soil and
pale-yellow carbonate soil samples obeys the Gauss’s
law. With such distribution, background values can
be determined as the mathematical expectation of
a normally distributed sample, considering tripled
standard deviation. To determine the background
values of the HM content in cryogenic soils, the sam-
ple volume was insufficient, moreover, cryoturbation
processes in the soil profile predetermine the com-
plex conditions of chemical elements distribution in
the soils themselves.
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Fig. 9. Speciation of heavy metals in the water-soluble fraction of soils: C - cryogenic soils;
PEC - pale-yellow carbonate soils; PB — peat-bog soils; Me-HA — complexes with humic acids;
FA - complexes with fulvic acids; Me-DOM,,, — weakly (electrostatically) bound to dissolved organic matter (Donnan phase)
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Table 3
Calculation of background values for pale-yellow carbonate and peat-bog soils
HM Min Max Mathema}tlc Calculated background
expectation and + 3¢
Peat-bog soils, n = 18
Arsenic As Less than 0,05
Cadmium Cd 0.8 4.0 2.0 5
Mercury Hg Less than 0.005
Lead Pb 31.0 72.0 51.0 81.0
Copper Cu 5.9 10.3 8.0 13
Nickel Ni 19.2 28.5 23.0 32
Zinc Zn 18.6 50 31.0 80
Pale-yellow carbonate soils, n = 26
Arsenic As Less than 0.05
Cadmium Cd 0.53 3.50 1.0 3
Mercury Hg Less than 0.005
Lead Pb 39.0 107.0 53.0 102
Copper Cu 3.31 28.9 10.0 32
Nickel Ni 16.9 37.0 24.0 37
Zinc Zn 24.0 52 41 67

Due to the absence of data on the background
content for further studies, it is proposed to estab-
lish the fact of true pollution and its dynamics us-
ing the obtained data on the upper boundary of the
background content of HM in peat-bog and pale-yel-
low carbonate soils (Table 3).

For this territory, it is recommended to carry out
local environmental monitoring of the state of na-
tural landscapes in the zone of direct mining opera-
tions. The gross content of HM can be used as an es-
timate of the general condition of the territory, while
the impact determination requires a transition to HM
mobile forms in the “soil-phytocenosis—zoocenosis”
system. The test sites should be located, considering
the wind rose at the most typical biotopes, and the
most typical species, such as Larix Gmelinii, Vaccinium
vitis-idaea, Vaccinium uliginosum, Cladonia stellaris,
should be taken for sampling of plant organs. At the
same time, it is recommended to determine the fact
of impact or its absence only during comprehensive
studies.

Conclusion
The results of the study show a high content of
cadmium, lead, nickel and copper in the soil cover
in the immediate vicinity of diamond mining ope-

rations. The analysis of concentration coefficients
shows that the upper levels accumulate HM by their
sorption by humus under the conditions of a weak-
ly acidic medium and weak drainage on the oxygen
sorption physical and chemical barrier. Lower levels
are characterized by accumulation under the condi-
tions of a neutral and weakly alkaline medium in the
soil profile on a pale-yellow alkaline physical and
chemical barrier in suprapermafrost levels. The ge-
ochemical representation of a number of HM in the
soil cover of the surveyed area is characterized as:
Pb >Zn >Ni > Cu > Cd > As > Hg. Correlation series of
HM were compiled, which reflect positive dependen-
cies between humus and Cd, Pb, Zn, as well as the oc-
currence of synergism in the Pb—Cd, Zn-Pb, Zn-Cu
pairs. The territory can be ranked by one pollution
level, “Permissible”. An increase in the HM content
in the soil cover occurs as it approaches the mine
sites of the mining and processing complex.
Pale-yellow carbonate soils have the lowest buf-
fering capacity in relation to heavy metals among
the studied soils based on the abundances of their
easily mobile species. Among the studied pollutants
the greatest tendency to binding by natural organic li-
gands was revealed for such elements as lead and cop-
per. Zinc and nickel will actively migrate in the ionic
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form. Cadmium occupies an intermediate position  the state of the soil cover in the diamond mining zone
in terms of the ratio of ionic and organically bound  within the Nakyn kimberlite field, within the bound-
forms. aries of the SPZ of mining and processing complexes,

The data presented in the study, due to the ab- and as target indicators for the subsequent reclama-
sence of similar studies, can be used in monitoring  tion of disturbed lands.
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