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Abstract

Prolonged operation of the mining and processing plant in Solnechny District, Khabarovsk Krai, led to the for-
mation of a technogenic mining system. Biogeochemical zones with elevated concentrations of chemical com-
pounds, including heavy metals and arsenic, developed in the area. Monitoring revealed that soil samples taken
at varying distances from the second tailings dump of the Solnechny Mining and Processing Plant (MPP), in-
cluding within the settlement of Solnechny, contained heavy metals — Cu, Zn, Pb, and Hg — at levels exceeding
the maximum permissible concentrations (MPCs) by factors of 1.4 to 12.36. Arsenic levels reached 571 times
the MPC. Surface water bodies showed excess concentrations of Cr, Cu, Fe, and Zn, ranging from 2 to 110 times
the MPC. No arsenic excess was found in water samples. The elemental status of a developing child reflects the
health of the surrounding ecosystem. Hair samples from children under 14 years of age residing in the settlement
of Solnechny were analyzed. Girls showed elevated levels of Hg, Cr, Pb, and Cu, along with reduced concentra-
tions of the essential element Zn. Boys showed increased levels of Hg, Fe, Cr, Zn, and Cu. To reduce the spread of
pollutants from tailings dumps, including those of the Solnechny plant, technical solutions have been proposed.
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AHHOTauusa
B ConmHeuHOM paiioHe XabapoBCKOTO Kpasi B Pe3y/bTaTe JJIUTENIbHOM PaboThl TOPHO-060TaTUTENIbHOTO KOM-
6uHaTa chopMMUPOBaIacCh TOPHOIIPOMBIIIIEHHAS TEXHOTEHHAS CUCTeMa. 31ech 06pa30BaInCh OMOreoXuMmye-
CKMe 30HbI C BBICOKMM COZepKaHMeM COeIMHEHMI XMMUIECKMUX TeMEHTOB, B TOM UMCJIe TSKENbIX METAJIOB
M MBIIIbsIKA. YCTAHOBJIEHO, UTO B MOHUTOPUHTOBBIX TOUKAX, PACIIONIOXKEHHBIX Ha pa3IMYHOM PACCTOSIHUM OT
BTOpOro XBocToxpaumiuina Conneuynoro 'OKa, B TOM uncie Ha TeppuTopuu nocénka ComHeuHslii (Xabapos-
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CKUI1 Kpaii), KOHLIEHTpaluy oIpeAesieMbIX TSDKEIbIX MeTa/VIOB B ITI0YBAaX MPEeBbINIAI0T HOpMaTVBHbIE 3HaUe-
uus o Cu, Zn, Pb u Hg ot 1,4 mo 12,36 ITIK, comepskanue As coctaBuio 571 ITJK. B BOOHBIX 00bEKTAaX OTMEYa-
etcs npesiiienye 1o Cr, Cu, Fe u Zn ot 2 mo 110 ITOK. TIpeBsiiiieHne comepskanust AS B MCCIeoyeMbIX IIpo6ax
BOMbI HE 0OHAPYKEHO. JJIEMEHTHBII CTATyC B PaCTYILIEM OpPraHM3Me UeJIOBEeKa SIBJISIETCS MHAMKATOPHBIM ITOKa-
3aTeJIeM COCTOSIHMSI 9KOCUCTEM, B CBSI3M C UeM OblIa ITPOBeeHa OIleHKA 3JIEMEHTHOT'O COCTaBa BOJIOC SKUTEJIEeN
rocénka ComHevHbIi B Bo3pacTe 1o 14 yet. [Toka3aHo, UTO 0COOEHHOCTHIO 3JIEMEHTHOTO CTaTyca IJisl JeBOUEK
B MCC/IEAYEMOT TPYIIIIE SIBJISTIOTCST BBICOKME TIOKa3aTey comepskaHus TSoKEmbIXx MmetauioB Hg, Cr, Pb, Cu, a Tak-
’Ke TIOHMKeHHOe cofiepykKaHlMe BasKHOTO 3CCEeHLIMaTIbHOTO 3jieMeHTa Zn. [IJI1 MaJbuMKOB OTMeUarTCsl IpeBbI-
meHus 1o koHeHTpauusim Hg, Fe, Cr, Zn u Cu. B ¢BSI3M ¢ 3TUM MpeAjioskeHbl TEXHUUECKME PEIIeHMS C [e/TbI0
CHIDKEHMSI pacIpoCTpaHeHMsI 3arpsI3HSIONIMX BellleCTB OT XBOCTOXpaHuuI, B ToM uncie ConmHeunoro 'OKa.

KnioueBble cnoBa

TOPHOE [1eJ10, 000TallleHMe, OJIOBOPYIHOE ChIPbe, OTXOIbI, XBOCTOXPAHMIAIIE, OKPYKAIOLIAsS Cpe/ia, TEXHOTEH-
HOe 3arpsi3HeHue, IIOYBa, I'PYHT, BOAA, Mpo6a, Tskemblie MeTa/uibl, XxpoM (Cr), keneso (Fe), meas (Cu), HUHK (Zn),
MBIIIBSIK (AS), Kagvnit (Cd), onmoBo (Sn), pryTs (Hg), cBuHeIr (Pb), criekTpoMeTpusl, CIieKTpodhOTOMETD, IETCKOE
HaceJjieHue, 3JIEMEHTHbI CTaTyC, peKY/IbTUBALIMS, KOHCEpBalysi, XabapoBCKMii Kpaii, moceok COTHEUHbIi
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Introduction

Since the early 1970s, intensive mineral resource
development by mining enterprises in the Far Eas-
tern Federal District has led to significant technoge-
nic pollution of all environmental components [1, 2].
In the vicinity of mining operations, which have been
affected to varying degrees by technogenic impact,
biogeochemical zones have developed with elevated
concentrations of chemical element compounds, in-
cluding heavy metals and arsenic.

One such industry-forming enterprise of the past
century was the Solnechny Mining and Processing
Plant (MPP) in Khabarovsk Krai. During the economic
transition of the 1990s, the plant failed to adapt and
was declared bankrupt [3, 4].

The first tailings dump of the Solnechny Concen-
tration Plant (SCP) is located about 100 meters from
the settlement of Gorny, in the Silinka River valley,
near its confluence with the Amut River. Tailings were
deposited there from 1963 to 1997. The accumula-
ted waste layer reaches a thickness of 20-25 meters.
The dump covers an area of 20 hectares and contains
10.6 million tons of tailings. It is currently used for
reprocessing by the SCP. The second tailings dump
of the SCP lies across from the mining settlement
of Solnechny. It covers 40.3 hectares and contains
24.09 million tons of accumulated waste. The former
assets of the Solnechny MPP - including the Festival-
noye and Perevalnoye deposits — are currently man-
aged by the Tin Ore Company, which has resumed
tin and tungsten mining and continues to fill a third
tailings dump. Meanwhile, GeoPromInvest LLC is ac-

tively reprocessing waste from the second dump and
has constructed a new tailings storage facility behind
it. Previous studies have shown that tailings dumps,
containing vast quantities of waste, have a harmful
impact on the environment and pose a serious threat
to human health, biodiversity, and water bodies [5-7]
due to the accumulation of toxic heavy metals in
living organisms.

Hair is recognized as an informative and reliable
biological material that reflects the environmental
conditions as well as the presence of diseases and
health deviations in the human body [8]. The che-
mical composition of hair reflects both the internal
physiological state and the impact of various ex-
ogenous factors [9]. Due to the slow growth rate of
hair, its analysis provides an average concentration
of macro- and microelements over several months.
According to A.Ye. Pobilat et al. [10, 11], monito-
ring trace element content in hair can address a wide
range of scientific challenges, including the indica-
tion of environmental pollution and the assessment
of harmful factors affecting human health.

The aim of this study is to assess the distribution
of Pb, Hg, Cu, Cr, Fe, Zn, Cd, Sn, and As compounds
using the elemental status of the child population in
a mining settlement. Based on this aim, the following
objectives were defined: 1. To analyze and systema-
tize literature data on technogenic pollution of the
ecosphere caused by waste from tin ore processing.
2. To assess the distribution of chemical elements
in environmental components in the impact zone of
the Solnechny tailings dump. 3. To investigate the
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Fig. 1. Surface of the second tailings dump of the Solnechny Concentration Plant

elemental status of the population under the age of
14 in the settlement of Solnechny, Khabarovsk Krai,
as part of mining-related environmental monitoring.
4. To develop proposals aimed at reducing the spread
of technogenic pollution within the ecosystem.

The study focuses on technogenically impacted
mining areas resulting from the operations of the Sol-
nechny MPP, as well as the elemental composition of
hair in children and adolescents residing in the mi-
ning settlement.

The second tailings dump of the Solnechny MPP
is situated at elevations ranging from 286 to 303 me-
ters, approximately 6.5 kilometers southwest of the
confluence of the Kholdomi and Silinka rivers, direct-
ly opposite the second processing facility. The mining
settlement of Solnechny lies on the opposite side of
the valley, at a higher elevation (Fig. 1).

Methods

To characterize the technogenic conditions
within the impact zone of the tailings dump, soil and
ground samples were collected to determine the to-
tal content of heavy metals and arsenic in the vicini-
ty of the second tailings dump of the Solnechny MPP.
Sampling was conducted in accordance with GOST
17.4.3.01-2017%.

Water samples were also collected from the im-
pact zone of the second tailings dump, at various
points within the Silinka River basin?. Element con-

1 GOST 17.4.3.01-2017. Interstate Standard. Nature Pro-
tection. Soils. General Requirements for Sampling.

2 R 52.24.353-2012. Sampling of Surface Land Waters and
Treated Wastewater.

centrations were determined using atomic absorp-
tion spectrometry, employing a Thermo Solaar M
Series atomic absorption spectrophotometer and an
Agilent 720 ICP-OES spectrometer.

Fig. 2 presents the map of soil and water sam-
pling points within the impact zone of the second
tailings dump.

Hair samples were collected from children and
adolescents aged 3 to 14 (both boys and girls) re-
siding in the settlement of Solnechny. The elemen-
tal status was determined for 45 children, inclu-
ding 20 boys and 25 girls under the age of 14. The
mean age was 6.68+2 years. Among them, boys
aged 7 or younger accounted for 26.7%, girls of the
same age group for 33.3%, boys aged 8-14 for 22.1%,
and girls aged 8-14 for 17.9%. The sample inclu-
ded only permanent residents of the settlement. All
hair samples were collected and prepared according
to standard procedures for trace element determi-
nation in biological substrates®, and were analyzed
at the accredited Information and Analytical Center
of the Institute of Tectonics and Geophysics, Far
Eastern Branch of the Russian Academy of Sciences
(Khabarovsk). The concentrations of the following
elements were measured: Cr, Fe, Cu, Zn, As, Cd, Sn,
Hg, and Pb. The data were processed using Microsoft
Office software tools.

5 Guidelines for the Determination of Trace Elements in
Diagnostic Biosubstrates by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS). Methodological Recommendations.
Moscow: Federal Center for State Sanitary and Epidemiological
Supervision, Ministry of Health of Russia; 2003. p. 22.
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Results and discussion

Between 1969 and 2001, approximately 24.1 mil-
lion tons of waste were deposited in the second tail-
ings dump of the Solnechny MPP. As of 1990, the
site contained the following amounts of recoverable
metals: 46,392 tons of tin (average grade: 0.183%),
707,000 tons of copper (0.28%), 39,356 tons of zinc
(0.156%), 47,853 tons of lead (0.188%), 6,742 tons of
tungsten (0.015%), 5,874 tons of bismuth (0.013%),
and 339 tons of silver (116 g/t), along with various
rare elements and gold. According to previous as-
sessments, the dewatered tailings are classified as
highly hazardous in terms of toxicity* [2]. No land

4 Order of the Ministry of Natural Resources of Russia
No. 238 of 08.07.2010 (as amended on 18.11.2021) “On Ap-
proval of the Methodology for Calculating the Amount of Dam-
age Caused to Soils as an Environmental Protection Object.”
Re-|gistered with the Ministry of Justice of Russia on 07.09.2010,
No. 18364. URL: https://docs.cntd.ru/document/902227668

.,
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reclamation activities have been undertaken in the
disturbed area, despite the requirements set forth by
the Subsoil Law of the Russian Federation®. Based
on our calculations, which considered the sampling
depth (up to 20 cm), contamination level, area of
polluted land, and applicable assessment coeffi-
cients, the total estimated environmental damage
to the soil amounts to 19,306 rubles per square
meter [13].

At monitoring points located at varying distan-
ces from the second tailings dump, the concentra-
tions of heavy metals and arsenic in the 10-20 cm
soil layer substantially exceeded regulatory thre-
sholds (Table 1).

5 On Subsoil. Law of the Russian Federation No. 2395-1 of
21.02.1992. Latest revision: 2024. Moscow: CENTRMAG; 2024.
136 p.

Legend
[ Boundary of the Solnechny
concentration plant (SCP)

A Soil sampling points

@ Water sampling points
[_]Boundary of residential area
I SCP tailings dump
— River network

Fig. 2. Map of sampling points for soil and water in the vicinity of the second tailings dump
of the Solnechny MPP
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An unfavorable environmental situation was
identified within the residential area located in close
proximity to the site (1.5-3.0 km), where average
concentrations exceeded regulatory limits by the
following factors: Cu — 12.36 MPC, Zn - 2.73 MPC,
Pb -9.71 MPC, Hg - 1.40 MPC, and As - 569.09 MPC.

Water samples from both technogenic (T1) and
natural sources (T2-T5) were collected (see Fig. 2)
and analyzed for concentrations of the following ele-
ments: As, Cd, Co, Cr, Cu, Fe, Mn, Pb, Sn, and Zn. The
analytical results are summarized in Table 2.

In natural waters downstream of the Silinka Ri-
ver, beyond the second tailings dump of the Solnech-
ny MPP, concentrations of several elements excee-
ded the maximum allowable concentrations (MACs)

elSSN 2500-0632
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for surface waters designated for fishery use: chro-
mium exceeded MACs by 4 to 11.5 times, copper by
110 times, iron by 2 to 24.2 times, and zinc by 31 to
46 times. No exceedance of arsenic levels was detec-
ted in the water samples.

Thus, the residents of the Solnechny mining set-
tlement live in an environment where contaminant
levels in soil and soil substrate and water bodies ex-
ceed regulatory standards.

To identify regional geochemical characteristics
of the natural environment, element ratios were cal-
culated by comparing the concentrations of chemical
elements in hair samples from the local child popu-
lation with the average concentrations of these ele-
ments in hair by sex (see Fig. 3).

Concentrations of selected heavy metals and arsenic in soil (10-20 cm depth) fable
at various distances from the second tailings dump of the Solnechny MPP (mg/kg)

Elements Zn Cu Pb Hg As
At the tailings dump 140.00 620.18 713.22 5.78 7792.60
0.3 km from tailings dump 168.30 749.79 282.74 2.29 2306.47
1.5 km from tailings dump 71.68 319.76 642.22 8.3 3254.48
2.5 km from tailings dump 264.16 643.56 195.37 0.3 105.12
3 km from tailings dump 119.62 260.91 36.31 0.22 54.95
Regulatory limit (MPC) 55.5 33.0 30.0 2.1 2.0
Background level 60.46 38.78 81.5 0.58 42.49

Table 2
Concentrations of selected heavy metals and arsenic in water samples from the Silinka River basin
at varying distances from the second tailings facility of the Solnechny MPP, mg/L
Sampling points P.1 P.2 P.3 P.4 P.5 MAC*, mg/L

As (total) 0.0180+0.0076 | 0.0240+0.0101 | 0.0090+0.0038 | 0.0050+0.0021 | 0.0050+0.0021 0.05
Cd 0.20 <0.01 <0.01 <0.01 <0.01 0.005
Co 3.78 <0.05 <0.05 <0.05 <0.05 0.01
Cr (VD) 0.18 0.09 0.19 0.23 0.20 0.02
Cu 166.30 0.11 <0.03 <0.03 <0.03 0.001
Fe (1II) 292.90 2.42 0.38 0.20 0.20 0.1 (general)
Mn 104.79 2.22 0.42 0.28 0.37 0.01
Pb <0.2 <0.2 <0.2 <0.2 <0.2 0.006
Sn 0.0390%0.0133 <0.005 0.0090%0.0031 | 0.0060+0.0020 | 0.0110+0.0037 0.112
Zn 51.09 0.46 0.37 0.35 0.31 0.01

* Order of the Ministry of Agriculture of Russia No. 552 of 13.12.2016 (as amended on 13.06.2024) “On Approval of Water Quality
Standards for Water Bodies of Fisheries Importance, Including Maximum Permissible Concentration Limits for Harmful Substances
in the Waters of Such Water Bodies”.
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Fig. 3. Elemental composition of hair in the young population of Solnechny compared to average levels across Russia:
a - girls; b - boys

The data obtained allowed us to identify the
specific geochemical profile of hair samples from
children and adolescents residing in the Solnechny
mining settlement:

Forgirls:  Hg; > Crs5, > Pb, g, > Cu, 45 > Cdyos =
=Feyqo; >7Zngg, > SNy 5y > ASg 155
For boys:  Hgy, > Feg .5 > Cr,4>Zn, 5> Cu, 45 >

>Pb, 46 > Snyg; > Cdy 57 > ASg 55

The elemental status of children in this study
group is characterized by elevated levels of toxic me-
tals such as Pb, Hg, and Cr. Notably, the Zn content
in girls’ hair was found to be close to the minimum
reference range (124-320 pg/g).

To reduce the dissemination of pollutants in
environmental components, the implementation
of environmental management strategies using in-
novative technological solutions is recommended.
Over the past 10 years, researchers at Pacific State
University have proposed conducting reclamation or
containment of tailings using substrates made from
shredded spruce, larch, and birch bark, supplemen-
ted with a nitrogen-based activator and Trichoder-
ma fungi®. These substrates have since been modi-

¢ Krupskaya L.T., Mayorova L.P., Orlov A. M. et al. Russian
Federation Patent No. 2486733. Method for land reclamation of
areas disturbed by toxic waste stored in a tailings dump under
monsoon climate conditions. 2013.

fied with additional components. In 2015, a Russian
patent was granted for a tailings reclamation mix-
ture incorporating phototrophic bacteria’. Other ef-
fective mixtures included additives such as biochar?
and spent oyster mushroom mycelium®. The use of
organic substrates derived from industrial by-prod-
ucts significantly reduces the cost associated with
acquiring fertile soil, which is typically required for
reclamation. In recent years, over one million tons
of forestry and wood-processing waste have accumu-
lated in the region. Therefore, reclamation or con-
servation of tailings surfaces using these materials
is particularly relevant for Khabarovsk Krai. Further
development and implementation of this technology
are essential to reduce reclamation costs and pre-
vent erosion processes.

" Krupskaya L.T., Kirienko O.A., Mayorova L.P.; et al.
Russian Federation Patent No. 2569582. Method for surface rec-
lamation of a tailings dump containing toxic waste using pho-
totrophic bacteria. 2015.

8 Krupskaya L.T., Leonenko N.A., Golubev D.A., Leonen-
ko A.V. Russian Federation Patent No. 2625469, issued 14 July
2017. Composition for dust suppression and surface reclamation
of a tailings dump. Appl. No. 2016122808 of 8 June 2016.

° Krupskaya L.T., Ishchenko E.A., Golubev D.A., et al.
Russian Federation Patent No. 2707030, issued 21. November
2019. Composition for reducing dust load on the ecosphere and
reclaiming the surface of a tailings dump. Appl. No. 2019114495
of 13 May 2019.
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Conclusion

The results of this study, supported by a review
of previous research, indicate that the second tai-
lings dump of the Solnechny MPP is a significant
source of technogenic pollution in the surrounding
environment. Concentrations of heavy metals in soil
samples exceeded maximum permissible concentra-
tions (MPCs) as follows: Cu by 12.36 times, Zn by
2.73 times, Pb by 9.71 times, and Hg by 1.4 times. The
average arsenic concentration in soil exceeded the
MPC by a factor of 569.09. In surface water bodies,
the highest exceedances were recorded for Cr, Cu, Fe,
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and Zn. Arsenic concentrations in water samples did
not exceed regulatory limits.

An assessment of the elemental status of local
residents under the age of 14, based on hair analysis
by sex, revealed elevated concentrations of Hg, Pb,
and Cr. A distinctive feature among girls was a re-
duced level of the essential element Zn, while boys
exhibited elevated levels of Fe.

To mitigate the spread of pollutants from tailings
dump, including the one operated by the Solnechny
MPP, the study proposes the use of forest industry
waste as an alternative substrate for reclamation, pro-
viding a cost-effective and sustainable solution.
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