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Abstract

In several countries around the world, abandoned mining sites are blighted by pollution from metal and metalloids. Gener-
ated by mining processes, toxic pollutants have lasting effects on the ecosystem. The study examined the environmental
impact of waste from a copper mine that was operated by the Caucasus Copper Limited Company between 1905 and 1928,
revised and commissioned by Etibank in 1936, and ceased operations 75 years ago. Soil and plant samples (needles of
Scotch pine, Pinus sylvestris L.) were collected from five specific regions around the mine and the levels of potentially
toxic elements (PTEs) were determined, including As, Zn, Pb, Cd, Ni, Mn, Cr, Cu, Al, and Fe. The data obtained were
used to calculate the enrichment factor (EF), geo-accumulation index (Iy,), contamination factor (CF), ecological risk
index (ERI), human health risk index (BCF), and plant enrichment factor (EF™*™). In soil samples, the average EF values
of certain elements such as As (453), Cu (59.9), Pb (30.7), Zn (5.26) were detected at high levels. However, average Igeo
values indicate high pollution levels for As (8.25), Cd (6.72), Cu (4.94), Pb (4.33) and Zn (2.42), indicating the existence
of serious ecological risks in the affected areas. Additionally, the average CF values indicate serious pollution levels
from heavy metals such as As (1605), Cd (584), Pb (99.4), Cu (81.9), and Zn (14.6), highlighting the extensive pollution
situation resulting from mining activities. Meanwhile, average ERI values indicate that Cd, As, Cu, and Pb pose serious
ecological risks in the study areas.These PTEs were found in high concentrations in the waste tail and dump. Further-
more, the analysis determined that there was enrichment for Mn, Cd, Al, Cu, Pb, and Fe elements in plant samples. These
PTEs have the potential to spread more widely depending on seasonal conditions and local topography. This situation
demonstrates the need to measure metal and metalloids concentrations at certain times, taking into account the potential
for environmental pollution of surface runoff water and underground resources in areas with high drainage potential from
acid mines, such as at the Kuvarshan mine tailings site.
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Introduction

While the mining industry makes significant contributions
to a nation’s economy, it also causes the emission of hazard-
ous substances into the environment (Flores de la Torre et
al. 2018). If the release of these potentially toxic elements
(PTEs) is not controlled, it can result in the contamination
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of various environmental matrices, including soil, surface
water, and groundwater. This situation poses a serious threat
to the environment and public health (Hadjipanagiotou et
al. 2020). Soil is one of the world’s most indispensable
resources and plays a fundamental role in creating vital eco-
system services by connecting natural processes (Khan et
al. 2022). Soil quality is generally defined as “the capac-
ity of a soil to function within characteristic or controlled
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environmental limits, provide ecosystem services, maintain
plant and animal productivity, protect or enhance water, and
support human health and habitat.”’(Golia 2023), Anthropo-
genic activities such as mining, steel industry, waste incin-
eration (including sludge processing management, control
of acid discharges and ashes) and poor management of elec-
tronic waste (e-Waste) deteriorate soil quality by causing
uncontrolled introduction of metals and metalloids into the
soil (Quintero-Payan et al. 2024). Metal and metalloids-
related soil and water contamination have become a sig-
nificant problem in many regions of the world (Khafouri et
al. 2021). The release of metal and metalloids into the soils
of mining areas and their surroundings leads to significant
increases in their concentration, with devastating effects on
the ecosystem’s function and structure (Cheng et al. 2022).

Many metal and metalloids, including Zn, Cu, and Se,
are necessary for the regular development of plants and
other living things. Other metals that are not basic elements,
such as Pb or Cr, can be tolerated by the ecosystem at low
concentrations, but these metal and metalloids can become
toxic at higher concentrations (Srinivasa Gowd et al. 2010).
Indeed, metal and metalloids pollution from mines is con-
sidered to be a contributing factor to deforestation (Sousa
et al. 2012) and reduced biodiversity and aesthetic appear-
ance of forests, and they cause economic losses as these
areas tend to lose their suitability for agriculture (Pehlivan
et al. 2021). Therefore, the determination of soil pollution
levels and the assessment of metal and metalloids pollution
in abandoned mines are important environmental issues
(Loska et al. 2004).

Mining operations can cease for multiple reasons, includ-
ing increasing costs, depleting reserves, shifting ore grades,
environmental effects, and geological causes (Horasan et al.
2021). Damage to the environment can continue to occur
even many years after mine closure, and indeed this is being
recognized as one of the main sources of pollution world-
wide. These abandoned sites are a source of environmen-
tal pollution from high levels of metal and metalloids with
toxic effects on surface waters, living organisms, and soils
(Beane et al. 2016). Waste from copper (Cu) mines may con-
tain other elements besides Cu, such as As, Cd, Co, Cr, Mn,
Ni, Pb, and Zn, all at various concentrations depending on
the mining method that was used (Karczewska et al. 2015).
These elements accumulate in the soil and are transferred to
the plant by the plant’s roots. In polluted areas, the leaves
of tree species are considered to be accumulation monitors,
in which significant amounts of metal and metalloids and
other pollutants accumulate on the leaf surface (Madejon et
al. 2006). Pine trees, especially their needles, can be used to
measure metal and metalloids pollution in the environment
(Pajak et al. 2015). Long-lived organisms, such as trees, can
grow in soil with highmetal and metalloids concentrations
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due to resistance mechanisms, including ectomycorrhizal
symbiosis. As a result, the Scotch Pine (Pinus sylvestris
L.) and Silver Birch (Betula pendula Roth.) are the species
most frequently used on polluted soils in Eastern Europe
(Bierza et al. 2020). Scotch pine is characterized by the fact
that it easily assimilates various elements and has a lower
tolerance to environmental pollution compared to other
conifers. Scotch pine is considered a useful bioaccumulator
and model tree for pollution monitoring studies (Klink et
al. 2018). Such trees are useful because high concentrations
of metal and metalloids adversely affect soil quality and
destroy functional ecosystems, resulting in otherwise barren
lands devoid of vegetation (Chileshe et al. 2020).

For the past decade, the USEPA (United States Environ-
mental Protection Agency) model has been widely used in
assessing the health risk of soils in the vicinity of copper
mines (Chen et al. 2022). For this reason, it is necessary to
determine the levels of these PTEs to determine the envi-
ronmental effects of abandoned mining sites and to take
precautionary measures (Covre et al. 2022). The enrichment
factor (EF), geo-accumulation index (I,,), contamination
factor (CF), ecological risk index (ERI), pollution load
index (PLI), and human health risk index, as well as various
indices such as bioconcentration factors (BCFs), were used
to evaluate the potential pollution level of these PTEs in soil
and plants (Hakanson 1980; Men et al. 2018; Ferreira et al.
2022; Steingréber et al. 2022; Bayrakli et al. 2023).

Metal and metalloid contamination in soil associated
with mining activities is a major problem worldwide. Aban-
doned mine sites are associated with environmental risks
and mining waste has been uncontrolled. A case study was
conducted at the Jerada coal mine site in Morocco and soil
and coal mine waste rock were sampled. The results show
that coal mine waste rock is associated with soil contami-
nation (Khalil et al. 2023). Another study evaluated trace
element contamination in soils and stream sediments at an
abandoned traditional gold mining site in Cameroon. Analy-
ses of samples collected from the surrounding area of the
abandoned mine site used geochemical background and
geo-accumulation indices to discriminate between natural
and anthropogenic enrichment. As a result, the abandoned
mine site was found to be the main source of soil and stream
sediments with high levels of cadmium, lead and zinc, which
may be hazardous to human health (Paternie et al. 2023).
Another study investigated the levels and sources of heavy
metal pollution around the Selibe Phikwe copper mine.
It was found that the area was moderately polluted with
heavy metals. However, it was emphasized that this pollu-
tion could increase in the future and cause serious impacts
on the soil environment and food chain (Motswaiso et al.
2019). Similarly, research from around the world shows that
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mining activities increase concentrations of metals and met-
alloids in soils, resulting in environmental impacts.

Copper mining has a long history in Tirkiye. Artvin
province, located in the east of the Eastern Black Sea metal-
logenic mineralization, is an extremely important region for
metallic mines. Artvin Kuvarshan copper mine, which was
among the very first copper mines to operate in Tiirkiye,
was first developed by the German company B. Simens in
1905. Suspending its activities in 1917, the enterprise was
revisited by Citibank in 1937 and a total of 232,800 tons of
ore was extracted, with 8815 tons of pure copper produc-
tion, between 1937 and 1941. It was finally closed in mid-
1945 due to the depletion of reserves.

There are two types of mineralization in the Kuvarshan
copper mine, which is located in the east of the Coruh region
and has vein-type mineral reserves. The first type of miner-
alization is located in the upper part and is defined as poor
pyritic mineralization (gelberze). Containing 1.5% Cu, this
ore structurally contains pyrite, chalcopyrite, and galena.
The second type of mineralization is located below and is
defined as copper-rich mineralization (grauerze). Contain-
ing 6-7% Cu, this ore is structurally composed of chal-
copyrite, bornite, neodigenite, chalcocite, sphalerite, and
secondary galena and tennantite (Kovenko 1942). The ore
extraction process in the mine site was carried out through
closed galleries and processed in the smelting facility of the
enterprise, where blaster copper production was carried out
(Dogangiin Yasa and Yardimc1 2022).

In general, the effects of abandoned mining sites on
the environment have been studied in Kuvarshan. Many

Table 1 Groupings of abandoned mine site study area

Region Color Sample Sample Total Total
code codes codes number of number of
(soil) (plant)  samples of samples
soil of plants
1 Green 34, 35, - 4 -
36,37
2 Brown 1,9,10, 1,9,10, 14 12
12, 14, 12,15,
15,17, 17,19,
19,22, 22,25,
25,29, 29,31,
31,33, 33
38
3 Yellow 4,5,8, 4,8,11, 15 14
11, 13, 13, 16,
16, 18, 18, 20,
20, 21, 21,23,
23,24, 24, 26,
26, 28, 28, 30,
30,32 32
4 Blue 2,3,6,7, 2,3,6, 7 6
217, 39, 7,27, 39
40
5 (control) 41 41 1 1

previous studies have examined its high concentrations in
water and mine waste in abandoned mine sites. However, to
date, soil and vegetation pollution around abandoned mine
sites has not been adequately investigated due to a lack of
accurate data and information. In fact, understanding the
sources and characteristics of mine pollution in Kuvarshan
may provide useful information for the implementation
of rehabilitation projects for abandoned mines and assist
decision-makers in the development of new policies for the
remediation of mines.

The abandoned mining site in Kuvarshan was chosen to
evaluate the impact of mining activities on the surrounding
soils and vegetation. The objectives of this study are as fol-
lows: (1) geochemical and mineralogical characterization
of soil samples; (2) the enrichment factor (EF), geo-accu-
mulation index (Iy,), contamination factor (CF), ecological
risk index (ERI), human health risk index (BCF), and plant
enrichment factor (EF®") values of selected chemical ele-
ments in soils and (3) determination of plant accumulation
indexes in plant samples.

Materials and methods
Data collection

Research articles in recent years have mentioned the pres-
ence of toxic elements in most samples from soils near
copper mines. These include Cu, As, Zn, Pb, Cd, Ni, Mn,
and Cr. These elements are in the priority pollutant class,
as determined by the USEPA, and can accumulate in the
topsoil through both natural and anthropogenic sources
(Xiao et al. 2020). Here, samples were collected from the
abandoned Kuvarshan copper mine in the east Black Sea
region of Tiirkiye (41° 14’ 986 N). In this study, the envi-
ronmental effects of the wastes of the mine site in an area
of approximately 2088 m* were analyzed by dividing the
area into 5 different regions. In this context, the landfill was
assumed as the center and 4 pollution zones (regions 1-4)
were defined according to their distance to the area and the
geological structure. A fifth region was designated as a con-
trol area. A total of 41 (40 point+ 1 control) soil and 33 (32
point+ 1 control) soil-related Scotch pine samples were col-
lected from each of the regions, using a random sampling
model (Table 1; Fig. 1).

Analysis of plant and soil samples
Soil samples collected from the field were dried for 10 days
until they were air-dry and homogenized by passing through

2 mm sieves. Classification of soil samples by particle size
was conducted using the Bouyoucos hydrometer method,
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Fig. 1 a) The location of the study area, b) photograph of the Kuvarshan smelter, ¢) study area and d) mineral dacite and waste heap waste area

Table 2 Digestion methods and metal determination with ICP-OES

Sam-  Sample preparation = Microwave digestion Methods

ple steps

typle

Soil 0.5 g Soil+9 mL Heat to 175 +5 °C with (Ele-
HNO;+3 mL HCl  aramptime 5.5 minand  ment

hold 4.5 min 2007)

Plant 0.3 g plant+2 mL Heat to 145+ 5 °C with (Konang

HNO;+3mL H,0, aramptime5.5minand  2021)

180+ 5 °C hold 10 min

pH and conductivity measurements by the 1:2.5 soil water
suspension method, total lime using a Scheibler calcime-
ter, and aggregate stability (AS) by the wet sieve method
(Fernandez-Caliani et al. 2009).

The plant samples (leaves and needles) collected in the
field were washed three times with distilled water, clearing
particles from them, and dried at 60 °C for 48—60 h until
they reached a constant weight. The weighed plant samples
were homogenized by pounding with a pestle and stored at
4 °C until analysis (Dary et al. 2010).

Soil and plant samples prepared for multi-elemental
analysis using inductively coupled plasma optical emission
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spectroscopy (ICP-OES; Perkin Elmer Optima 8000) were
weighed in different amounts, placed in Teflon containers,
and extracted by applying the microwave decomposition
method (Table 2).

After the degradation process, a 1 mg/L internal standard
(Yttrium) was added to all samples, and the final volume
was supplemented to 50 mL. Metal concentrations (As, Zn,
Pb, Cd, Ni, Fe, Mn, Cr, Cu, and Al) in soil and plant extracts
were analyzed using ICP-OES. Standard deviations were
determined from three replicates of each sample. In addi-
tion, arsenic in plant samples was determined by hydride
production and ICP-OES (Masson et al. 20006).

Analytical procedure

This procedure was used to determine its validity for the
quantitative analysis of metal ions in plant material and
soil. Optimization studies for the procedure were performed
through precision or reproducibility, and calculation of rela-
tive standard deviation and limits of detection (LOD) and
quantification (LOQ).
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To determine the accuracy of soil and plant samples,
standard reference materials CRM027 (Sandy Loam 10)
and ERM-CD281 (Rye Grass) were used in accordance with
environmental conditions, metal and metalloids contents,
and texture. The values given for both standard reference
materials were compared with the certificate values, and
the accuracy of the method was given in Table 3 together
with the recovery percentages. In addition, the LOD (the
smallest concentration of the analyte) and LOQ (the small-
est concentration at which the analyte is quantified) were
calculated according to the International Union of Pure
and Applied Chemistry (IUPAC) for the method used in
the study. According to this method, LOD and LOQ values
for each metal were obtained by multiplying the standard
deviation of the method blank measurements by 3 and 10,
respectively (Thompson et al. 2002). However, the matrix
effect that may occur during the measurements was mini-
mized by using the internal standard Yttrium (Masson et al.
2006).

Results of precision and accuracy analyses

According to the obtained results, the recovery values for
each metal were found to be between 80 and 120%, demon-
strating the accuracy of the method (Shabanda et al. 2021).
Additionally, repeatability or precision was determined by
calculating the relative standard deviation, which was found
to be below 10% for all the metals. These results indicate
the suitability of the selected extraction method in terms of
precision and accuracy within a 95% confidence interval
(Table 3).

Statistical analysis

Analysis of all data was carried out using SPPS version
26.0. Since the variances of the soil and plant samples were

Table 3 Accuracy and precision of metal and metalloids

not homogeneous, the differences between the groups were
compared using the Kruskal-Wallis test, and the relationship
between the physical and chemical analytes and the metals
was tested using Spearman-Brown correlation analysis.

Soil pollution and risk assessment indexes

In order to evaluate the metal and metalloids (As, Zn, Pb,
Cd, Ni, Fe, Mn, Cr, Cu and Al) pollutions measured as a
result of the analysis of topsoil (0-30 cm) samples collected
from 40 points, enrichment factor (EF), geo-accumulation
index (Igeo), contamination factor (CF), ecological risk
index (ERI), human health risk index has been calculated.
The detailed information is given as supplementary material.

Determination of plant element uptake and
bioaccumulation performance

Plant samples were collected from 33 points in the aban-
doned mine site. Bioconcentration factor (BCF) and plant
enrichment factor (EE?®") were calculated in these plant
samples. The formulae used in the calculations are provided
in the supplementary material.

Results and discussion
Physicochemical properties of soils

The physicochemical properties of soil samples taken from
40 points near the Kuvarshan abandoned mine site and
natural forest are given in Fig. 2 and supplementary Table
S1. According to these data, at the 0-30 cm depth, the
sand content ranged from 47.16 to 97.9%, the clay content
between 0.04% and 29.71%, the silt content between 0%
and 49.7%, and the aggregate stability values between 23%

Metals SRM** EMC*** % Recovery soil ~SRM** EMC*** % Recovery plant LOD LOQ
(Soil 027) (mg/kg) (Plant ERM CD-281) (mg/kg) (mg/kg) (mg/kg)
As 59.0+093 50.3+04 85.22 42+0.01 n.d. - 0.0105  0.035
Zn 590+9.75  608.1+0.29 103.05 30.5+1.1 29.60+0.91 97.04 0.001 0.004
Pb 276 +£4.59 194.1+1.20 70.32 1.67+0.11 1.76 +0.31 105,83 0.008 0.028
Cd 98.7+1.64 1083=+1.13 109.72 0,120+0.007 0.145+0.018 120.08 0.008 0.028
Ni 298+5.20  270.6%+1.55 90.60 15.20+0.6 n.d. - 0.001 0.004
Mn 837+18.9  804.8+1.82 96.05 82+4 83.56+0.75 101.90 0.003 0.033
Fe 6980+1.42 5430+49.71 71.79 180 190.02+0.08 105.55 0.008 0.026
Cu 89.6+1.66 81.4+1.29 90.84 10.2+0.5 11.03+0.17 108.13 0.002 0.007
Cr 240+3.82  235.6+2.58 98.16 24.8+1.3 26.68+0.27 107.58 0.0006  0.002
Al 6780+499  8170.6+253.6 120.50 - 32,65+1.43 - 0.001 0.011

*nd: Referance value not certificated or not detected
**Standart Referance Materials (SRM)
***Extractable Metal Content (EMC)
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Fig. 2 a) The pH of the col-
lected soil samples, b) electrical
conductivity, ¢) CaCO; and d)
texture content in soil of the
abandoned Kuvarshan mine area

and 99.81%. The dominant soil texture was sandy loam. The
values of sand, clay, and silt found in this study were similar
to those found in other mine waste sites by previous stud-
ies (Zhen et al. 2019). Soil aggregate size distribution and
stability measurements are considered to be indicators of
soil quality. The value of aggregate stability is an important
factor in determining the susceptibility to erosion: as the
aggregate stability value increases, the resistance to erosion
also increases (Yakupoglu et al. 2015). The pH of the col-
lected soil samples generally exhibited acidic characteristics
(range=2.01-7.79; mean =4.48). The pH is one of the most
important properties that affect the presence, persistence,
and mobility of PTEs in mining areas. Low pH values are
common in Cu mining wastes, that are rich in sulfide miner-
als and that release PTEs under oxidizing conditions (Covre
et al. 2022). Electrical conductivity values varied from 7.88
to 15,250 uS em™!, with a mean of 1902 uS cm™!, showing
high salinity. The CaCO; values of the collected soil sam-
ples ranged between 5 and 21, which are the average limit
values (Fig. 2-c), indicating moderately calcareous soils.
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Soil structure plays an important role in managing bio-
logical and physical processes. In this regard, soil with a
stable structure exhibits high erosion resistance. Aggregates
are one of the fundamental structural elements of soil and
play an important role in soil function (Shen et al. 2022).
Findings from monitoring studies, especially those track-
ing the environmental behaviour of trace metals, should not
be limited to bulk soil alone, but should also focus on the
aggregate level. Moreover, the composition and stability of
aggregates can influence the accumulation of heavy metals
in bulk soil. Previous studies have shown a strong relation-
ship between aggregate particle size and heavy metal con-
tent. For example, in a rice field in southern China, coarse
sand-sized soil aggregates were found to have the highest
heavy metal content (Chen et al. 2014). To date, few studies
have investigated the distribution behaviour of metal ele-
ments in aggregates from different mine soils. Therefore, in
this study we investigated the distribution of soil trace met-
als in different soil areas using aggregate stability, texture
and trace metals.
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The metal and metalloids concentrations in the soils
affected by the abandoned mining site are shown in supple-
mentary Table S2. These samples have decreasing metal
and metalloids concentrations, in the following order:
Fe>Al>As >Pb>Cu>Zn>Mn>Cd>Cr>Ni. In a
study by Demiray (2017), the geological structure of the
Kuvarshan mine flotation waste site (region 1) was deter-
mined using ore microscope, X-ray diffraction (XRD), and
X-ray fluorescence devices. The findings showed that the
flotation waste consisted mostly of pyrite (FeS,) and heavy
amounts of chalcopyrite (FeCu,S). Additionally, XRD anal-
ysis revealed differences between the major components of
the flotation waste (calcite, jarosite) and those of the host
rock (quartz, muscovite). Moreover, the average values of
As (4.91 g/kg), Pb (2.81 g/kg), Fe (141 g/kg), and S (64 g/
kg) were determined (Dogrul Demiray 2017). Examination
of the average values shows that the metal and metalloids
concentrations in the soil exceed the permissible limits
set by the Regulation on the Control of Soil Pollution and
Point Source Polluted Sites, published by the Ministry of
Environment and Forestry in 2010 (Pb=50-300, Cd=1-3,
Ni=30-75, Cr=100, Cu=50-140, Zn=150-300 mg/kg)
(CSB 2010). Iron, which was the fourth most abundant ele-
ment in the soil structure, is mostly present in forms that
plants cannot take up. The total Fe content in the collected
soil samples varies between 32,713 and 272,533 mg/kg,
with an average of 96,746. Typically, the Fe content in soils
is between 1 and 5% (1-5x 10* mg/kg). However, most of
this ratio is not available for plant uptake (Tugba et al. 2021).
The total Mn values in the soil samples collected from the
study area were determined to be between 17 and 1384 mg/
kg, with an average of 374, which exceeds the limit value of
70 mg/kg. The element manganese plays an important role
in chlorophyll synthesis and nitrogen absorption in plants
and can lead to Fe deficiency (Tugba et al. 2021). Figure
2 and Table S2 show that the pH, conductivity, total lime,
and metal and metalloids concentrations of the soil samples
taken from different regions were arranged in the follow-
ing order (from lowest to highest): Regions 1 <2 <3 <4<5.
These findings can be explained by the oxidation of pyrite
in the geological structure of the site, leading to the release
of sulfate (SO,*).

Pollution levels and risks of selected PTEs

Variations in metal and metalloids enrichment factor (EF),
geo-accumulation index (Igeo), andcontamination factor
(CF) in the Kuvarshan mine area

EF values were calculated so that it was possible to differ-
entiate the anthropogenic effects from natural sources for
PTEs in soil samples taken from the Kuvarshan mining area

and its surroundings (Fig. 3). The mean EF values of the
elements indicate that As (453), Cu (59.9), Pb (30.7), Zn
(5.26), Cd (1.02), Cr (0.86), Ni (0.65), Mn (0.41), and Al
(0.06) are all found at enriched levels (Fig. 3). The exces-
sive enrichment of As and Cu, very high enrichment of Pb,
significant enrichment of Zn, and an indication of extremely
high soil pollution levels, can all be observed. However,
there was only slight enrichment for Cd, Cr, Ni, Mn, and
Al. According to these findings, the presence of high con-
centrations of As, Cu, and Pb can be explained by the pyrite
and tennantite minerals involved in the ore formation at the
Kuvarshan mining area (Dogrul Demiray 2017). It has pre-
viously been noted that contamination is likely to be anthro-
pogenic when EF values are greater than 1.5 (Zhang and
Liu 2002). Soil samples taken from copper mining areas and
their surroundings have previously been reported to contain
high concentrations of various metals, including Cu, Pb, Zn,
Cd, and As (Verdejo et al. 2015). In a study by Gok (2008),
the Artvin report (dated 1921) was examined in detail and
it was found in the report that the Kuvarshan factory area
was only operated in the winter months to prevent harm to
plants and trees in the factory area from As. These results
indicate that anthropogenic release of As, Pb, and Cu into
the environment may have been possible since at least 1921
(Gok 2008).

To evaluate the pollution levels of As, Cu, Pb, Zn, Cr,
Cd, Ni, Mn, Fe, and Al in surface soils collected from 40
sites, Igeo values were calculated (Fig. 4). The average Igeo
values of the elements in the mine site were determined
as extremely highly polluted for As (8.25) and Cd (6.72),
highly to extremely polluted for Cu (4.94) and Pb (4.33),
moderately to highly polluted for Zn (2.42), and unpolluted
to moderately polluted for Fe (0.77), while no pollution was
determined for Cr, Ni, Mn, and Al. High levels of these eight
metal and metalloids have also been found in soil samples
from copper mining sites across the world. According to
the average Igeo scales, Cu pollution levels were extremely
high in Australia, Italy, Oman, Peru, the United Kingdom,
and Zambia, while Cd pollution levels were higher in other
areas of the study sites in Australia, China, Russia, and the
United Kingdom. The highest pollution levels in soils near
Cu mines were found in Morocco for Mn (2.04), in Chile
for As (6.27), in Italy for Cr (3.55) and Ni (4.24), and in the
United Kingdom for Pb (7.57) and Zn (3.30) (Chen et al.
2022). Therefore, we can conclude that soil pollution with
high levels of As, Cd, Cu, Pb, and Zn in and around the
mining site may be plausibly attributed to the copper mining
activities in the region.

CF values were also calculated to assess the pollution
levels of As, Cu, Pb, Zn, Cr, Cd, Ni, Mn, Fe, and Al in soil
samples collected from an abandoned mining site (Fig. 5).
The average CF values for PTEs indicate very high pollution
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Fig. 3 Metal and metalloids enrichment factor of Kuvarshan mine area

for As (1605), Cd (584), Pb (99.4), Cu (81.9), and Zn (14.6),
moderate pollution for Fe (3.13) and Cr (1.18), and low pol-
lution for Ni (0.94), Mn (0.71), and Al (0.17). Although the
metal and metalloids pollution levels in the mining site are
in the same category, their magnitudes vary depending on
the type of waste. Based on the average CF values, As is the
most dominant pollutant in samples from the site, followed
by Cd, Pb, Cu, Zn, Fe, and Cr.

The Pollution Load Index (PLI) is an indicator of the
overall multi-element pollution in an area. Therefore, a
higher PLI indicates that an area is contaminated with
multiple sources of PTEs collectively. Sampling points in
any location with PLI values greater than 1 indicate that
the points are deteriorating (Tomlinson et al. 1980). High
concentrations of As, Cd, Cu, Pb, Zn, Fe, and Cr values in
CF values contribute to the increase in PLI values (Fig. 6).
This confirms that there is significant contamination at the
sampled locations.

Ecological risk index (ERI)
ERI and potential ecological risk index (PERI) values were

calculated to assess the ecological risks caused by eight
metal and metalloids (As, Cu, Pb, Zn, Cr, Cd, Ni, and Mn)

@ Springer

that were detected in soil samples from the abandoned min-
ing site and its surroundings (Fig. 7). When the average eco-
logical risk values of these eight metal and metalloids were
calculated individually, they were found to decrease in the
following order: Cd (17,334) > As (16,053) > Pb (497) > Cu
(410)>Zn (14.6)>Ni (4.70)>Mn (3.55)>Cr (2.35). The
average ERI values for Cd, As, Cu, and Pb were found to
exceed 320, which indicates a serious ecological risk. In
previous research of soils near Cu mining sites, Cu, Cd, and
As were identified as priority control pollutants, and it was
argued that various strategies should be designed to manage
and remediate this contamination (Chen et al. 2022). The
average ERI values for Zn, Ni, Mn, and Cr were below 40,
and as a consequence, their low ecological risk is not shown
in Fig. 7.

The average PERI value was calculated to be 34,319,
which indicates a significantly high potential risk around
the copper mine because this exceeded 600. As shown in
Fig. 7, Cd and As were the biggest contributors to this PERI
value. Cd, in particular, has a high toxicity potential for liv-
ing organisms due to its high solubility and accumulation
under physiological conditions (Carvalho et al. 2021). The
toxic-response factors of Cd (30), As (10), Pb (5), and Cu
(5) were significantly higher than that of other metal and
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Fig. 6 Metal and metalloids
pollution load index (PLI) of
Kuvarshan mine area

10

11

12

13

14
15

16

60000 o

100000

25 17 PLI < 1-no pollution,
24 18 1 <PLI < 2-moderate pollution,
5B 30 2 <PLI < 3-heavy pollution,
=1 3 <PLI —extremely heavy pollution
Study Area
Fig. 7 Metal and metalloids 140000 300000
ecological risk index (ERI) and OPERI ERI < 40 - low ecological risk
potential ecological risk index 120000 ] WAs 40 <ERI < 80 - moderate ecological risk
- 80 <ERI < 160 - considerable ecological risk 250000
(PERI) of Kuvarshan mine area ®Zn 160 <ERIT < 320 - high ecological risk
Pb ERI > 320 - serious ecological risk

S 100000 { ™

= ECu PERI < 150 - low ecological risk 200000

i 150 < PERI < 300 - moderate ecological risk

E %6060 ] =Zcd 300 < PERI < 600 - high potential ecological risk

4 PERI > 600 - significantly high ecological risk

3 150000

3

&

2

8

=

40000

20000 o

Ak

metalloids (Chen et al. 2022). In copper mining, especially
in open pit operations, high concentrations of metal and
metalloids (As, Cd, Cu, and Pb) are present, which pollute
the soil as a result of the wind spreading fine particles into
the atmosphere, thus becoming an important source of par-
ticulate matter (Punia 2021).

Human health risk index

The concentrations of metal and metalloids including As,
Cu, Ni, Pb, and Zn in soil were used to optimize human
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health risks at the mining site. The average daily doses
(ADD), the non-carcinogenic hazard coefficient (HQ), haz-
ard index (HI), and the potential carcinogenic risk (CR) lev-
els were calculated based on exposure through ingestion,
dermal contact, and inhalation of the elements from soil
samples collected for assessing human health risk, as shown
in Table 4. When HI values were evaluated for As and Pb in
the study area (for both adults and children), values greater
than 1 indicate that more attention should be paid to these
elements due to non-carcinogenic risk. The CR values for
As were significantly higher than the acceptable maximum
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Table 4 Metal and metalloids in different exposure of health risk of Kuvarshan mine area

CR

HI

HQ

ADD

Mean

Ingest Dermal Inlahation

Mean

Inlahation
1.51E-01
2.67E-01

Dermal

Dermal Inlahation Ingest

Ingest

9.45E-04
8.45E-03

1.31E-08
2.32E-08

5.95E-05
1.81E-04

8.85E-04
8.26E-03

1.72E+01

1.47E+01 2.40E+00

6.47E-07
1.15E-06
1.53E-07
2.71E-07
3.41E-07
6.04E-07
1.20E-08
2.13E-08
3.52E-09
6.24E-09
8.30E-09
1.47E-08
2.36E-07
4.19E-07

2.96E-04
9.01E-04
2.33E-06
7.11E-06
5.19E-06
1.58E-05
1.83E-07
5.58E-07
5.36E-08
1.64E-07
1.27E-07
3.86E-07
3.60E-06
1.10E-05

4.40E-03
4.10E-02
1.04E-03
8.15E-04
2.32E-03
2.16E-02
8.16E-05
7.62E-04
2.39E-05
2.23E-04
5.64E-05
5.27E-04
1.61E-03
1.50E-02

Adult

As

1.0SE+03
3.51E-03
2.83E-03

7.33E+00
3.89E-05
3.89E-05
9.90E-03

1.37E+02
3.47E-03
3.47E-03

Child

Adult

Zn

Child

1.97E-05
1.84E-04
7.56E-08

1.43E-08
2.54E-08
7.56E-08

1.97E-05
1.84E-04

1.66E +00

1.65E+400

Adult

Pb

1.55E+01
9.31E-02
7.92E-01
1.25E-03
1.13E-02
2.30E-02
1.88E-01
4.04E-02
3.75E-01

3.02E-02
7.32E-03
2.23E-02
9.93E-06
3.03E-05
4.22E-03
1.29E-02
3.00E-04
9.14E-04

1.54E+01
8.16E-02
7.62E-01
1.20E-03
1.12E-02
1.88E-02
1.76E-01
4.01E-02

Child

4.20E-03
7.44E-03
3.91E-05
6.94E-05

Adult

Cd

1.34E-07
4.07E-05
3.80E-04
2.83E-05
2.64E-04

1.34E-07
2.96E-09
5.24E-09
3.49E-09
6.18E-09

Child

2.28E-08
6.95E-08
2.53E-08
7.71E-08

4.07E-05
3.80E-04
2.83E-05
2.64E-04

Adult

Ni

Child

Adult

Cr

Child

Adult

Cu

3.75E-01

Child

values for both adults and children, while those for Pb, Ni,
and Cr exceeded the acceptable maxima for children. Thus,
the soil in the study area appears to have a high potential
carcinogenic risk for As, Pb, Cr, and Ni. However, as the
site is a forested area and not used for agricultural purposes,
these risk levels are not expected to be very high.

Plant accumulation index

The biological accumulation of PTEs was investigated in
samples taken from the needles of Scotch Pine trees. The
average values of these PTEs in the pine needle samples
were determined as follows: Mn (645 mg/kg) > Al (393 mg/
kg)>Fe (245 mg/kg)>Zn (51.7 mg/kg)>Cu (5.30 mg/
kg)>As (4.79 mg/kg)>Pb (2.63 mg/kg)>Cr (1.19 mg/
kg)>Cd (0.37 mg/kg). The concentration of Mn in the
plant samples taken from the site ranged between 42.5 and
2524 mg/kg, with an average value of 645. These values
were higher even than areas affected by traffic, according
to data from several previous studies (Comakli and Bingol
2021). The impact of former mining seems to be the most
likely explanation for this high value. The soil samples
taken from the unpolluted area of the mine site showed the
following order of concentrations: Fe (19,277 mg/kg)> Al
(3,958 mg/kg)>Mn (458 mg/kg)>Zn (40.5 mg/kg)>Cu
(23.5 mg/kg) > As (21.3 mg/kg) > Cr (18.8 mg/kg) > Cd and
Pb (not detected), while the Scotch pine needle samples
taken from the same unpolluted area showed the following
order: Fe (69.0 mg/kg)>Al (51.4 mg/kg)>Zn (43.9 mg/
kg)>Mn (19.8 mg/kg)>Cr (1.46 mg/kg)>Cu (1.14 mg/
kg)>Pb (0.71 mg/kg) > Cd (0.05 mg/kg).

Metal and metalloids play a crucial role in plant growth,
but their high concentrations can have toxic effects on plants.
The highest metal and metalloids value measured in the pine
needle samples taken from the contaminated site (i.e., Mn),
was approximately 32.6 times higher than the value mea-
sured in the unpolluted site. In a study by Demiray (2017),
the percentage leachability of waste dump heaps was deter-
mined by the humidity cell test. According to the findings
of this study, Mn was the most leachable metal in the site,
with a percentage of 57%, which may explain why the
manganese level was so high in the site (Dogrul Demiray
2017). According to some sources, the high value of Mn
is associated with an increase in Mn levels in shoots and
roots during plant growth. Therefore, Mn concentration in
plants is an important factor for plant development (Khan
et al. 2021). The critical levels of Mn for most plants range
from 15 to 25 mg/kg, while the toxic concentration of Mn in
plants varies depending on both plant and soil factors. Gen-
erally, most plants are affected when Mn content lies above
400 mg/kg It can also be observed that the soil composition
of the unpolluted site has high Al and Fe. The Al and Fe
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ratios in the pine needle samples taken from the polluted
and unpolluted sites were 7.64 and 3.56, respectively. Mn,
Al, and Fe accumulate in the soil at low pH values, and high
values of these parameters are interrelated (Kabata-Pendias
2004). In a previous study, the accumulation properties of
needles were investigated (specifically regarding Mn, Fe,
Cu, Ni, Zn, and Cd), and relatively high contents of Fe, Mn,
and Zn were detected in the needles of some Pinus species
(Parzych et al. 2017).

To determine the enrichment factor for the Scotch pine
tree, a control plant sample was taken from the uncontami-
nated area of the Kuvarshan mine site. The EFP® value is
considered to indicate enrichment if it is greater than 2 (Par-
zych and Jonczak 2014). When the average EFP™ values
of the samples taken from the study area were ranked, they
were calculated as Mn (32.6)>Al (7.64)> Cd (6.85)>Cu
(4.64)>Pb (3.71)>Fe (3.56)>Zn (1.18)>Cr (0.82)
(Fig. 8). This shows that the plant is enriched in Mn, Cd,
Al, Cu, Pb, and Fe at this site. Since As was not found in the
sample taken from the uncontaminated site, the EFP*" value
for As could not be calculated. However, since the average
As value was calculated as 4.79 mg/kg in the samples taken
from the contaminated site, it is believed that there is As
accumulation in the Scotch pine tree. The ratio between
plant and soil concentrations (BCF) is an index of the soil-
to-plant transfer of an element, which helps to understand
the plant uptake characteristics. BCF values between 1 and
10 indicate that plants accumulate these elements, while
BCF values greater than 10 indicate that the plant is an accu-
mulator (Jonczak et al. 2021). In the samples taken from the
scotch pine needles around the abandoned mine, BCF val-
ues were as follows: Mn (5.76) > Zn (0.25)> Al (0.08) > Cd
(0.06)>Cr (0.04)>Cu (0.01)>Pb (0.01)>As (0.01). We
can conclude that while the Scotch pine tree appears to
accumulate Mn, accumulation was not very significant for
other PTEs.

Fig. 8 Metal and metalloids 200

Statistical evaluation

Variation in the levels of metal and metalloids in the soil and
plants across different regions was analyzed using the non-
parametric Kruskal-Wallis H-test and Spearman-Brown
correlations, due to the non-homogeneous distribution of
the data (Table 5). The findings indicate that all metal con-
centrations in the soil samples show statistically significant
variability across sample regions (p <0.05). Furthermore,
the concentrations of As, Pb, Cd, Fe, and Cu generally fol-
lowed the order of Regions 1>2>3>4>5. However, the
lowest concentrations of Mn and Al were obtained from the
samples in Region 1. This could be explained by the rapid
transformation of the metal released from samples into a
soluble form due to acidic conditions and seasonal rainfall,
specifically for Mn and Al (Dogrul Demiray 2017).

When the Kruskal-Wallis results of the plant samples
were statistically evaluated, it was determined that the
amounts of As, Pb, and Cd varied significantly across regions
(»<0.05), and the highest concentrations were found in
plants in Region 2. Additionally, it was found that the con-
centrations of Fe and Al, which are among the measured
metal groups, showed similar characteristics in Regions
2, 3, and 4, but had higher concentrations than the control
regions (p <0.05). The results of the Spearman-Brown cor-
relations for the soil samples are shown in Table 5.

The data revealed a strong positive correlation between
AS and pH (r=0.772, p<0.01), and a moderate-strong cor-
relation was found between AS and total lime (r=0.570,
p<0.01). In addition, in the correlation analysis among
metals, a strong positive correlation was found between As
and Pb (r=0.96, p<0.01) and between As and Cd (»=0.97,
p<0.01), while moderate-strong correlations were observed
between As and Fe (r=0.69, p<0.01), As and Cu (r=0.60,
p<0.01), and between Al and Mn (»=0.57, p<0.01).

When all the data from the study is evaluated, it is impor-
tant to identify the distribution and environmental impacts

enrichment factor of plant

(EF™a) of Kuvarshan mine area 180 4 =Zn ®mPb
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of the primary pollutant metal groups, similar to many aban-
doned copper mining sites. In this context, the data obtained
from many field studies reveal that As, Pb, Cu, Cd, and Fe
elements are regularly found to be potential pollutants The
spread of these pollutants from waste sites can be deter-
mined by evaluating factors such as geological structure and
vegetation in combination.

Previous studies of the geological structure of the area
reveal that geological formations consist of chalcopyrite,
bornite, neodymium, chalcocite, sphalerite, and second-
ary-level galena and tetrahedrite, and that the Kuvarshan
region has a tenor of 2.16% Cu and 47.4% S (Kovenko
1942; MTA 2010). Previous studies have shown that the
ore-bearing dacite and waste rock piles located in the waste
site area contribute significantly to the development of acid
and metal drainage, as evidenced by static and kinetic tests
(Dogrul Demiray 2017).

Conclusion

The aim of this research was to evaluate metal and metal-
loids contamination in soil and plant samples from an aban-
doned copper mining site in Kuvarshan. The contamination
and ecological impacts of metals and metalloids found in
soil and plant samples in and around the abandoned copper
mining site in Kuvarshan region were evaluated. The find-
ings show the environmental impacts of mining activities
and the potential risks to human health.

e High levels of As, Cd, Cu, Pb and Zn pollution were
detected in EF and Igeo indexes in soil samples. This
contamination is mainly due to copper mining activities.

e In plant samples, high levels of metal and metalloids ac-
cumulation were observed in Scotch pine needles, espe-
cially Mn, Al, Fe, Zn and Cu.

e In areas where metal and metalloids accumulation is
high in plants and soil, ecological risk can pose a serious
threat to ecosystems and human health.

e Human health risk assessment indicates that high levels
of As, Pb and other metal and metalloids may pose a
potential carcinogenic risk.

e Contamination and deposition in soil and plant samples
in and around the mine site indicate the long-term envi-
ronmental impacts of former mining activities and the
potential for contamination to spread.

In conclusion, this study reveals the environmental impacts
and potential risks of abandoned mine sites. In future
research, it is important to focus on rehabilitating these
abandoned sites. Serious studies should be conducted
on measures to reduce soil pollution. Factors such as the

@ Springer

proximity of the site to underground and surface resources
in the vicinity of the site and prevailing wind directions
should be determined, and airborne transport should be
modeled. In this direction, it is recommended that artificial
intelligence-based pollution model predictions be made in
the following stages. These studies will be an important step
to minimize the environmental impacts of abandoned mine
sites and increase environmental sustainability.
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