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Abstract: Heavy metals (HMs) remain persistent in soil for a long time and thus present a long-
term threat of environmental pollution. In this study, the concentrations of some HMs (As, Cu, Zn,
Pb, and Mo) in soil, potentially affected by the ex-operation of a metallurgical plant—specifically,
a copper smelter in Alaverdi Town, northeastern Armenia—were measured, based on which, the HM
contamination and its ecological, biological, and health effects were assessed. Concentrations of HMs
(Cu, Zn, and Pb) were also measured in different plant (leaves) and invertebrate species that occur
in the soil over the metallurgical factory site in order to assess the potential for the bioremoval of
HMs from the soil. The results showed that the ex-operation of the metallurgical facility created such
contamination in the soil that it caused a noticeable loss of invertebrate biomass in the soil and posed
ecological, non-carcinogenic (for children), and carcinogenic health hazards. The investigated plant
and invertebrate species were characterized by different capacities for the accumulation of HMs from
the soil, based on which the plant species Fraxinus excelsior, Acer platanoides, Robinia pseudoacacia, and
Aesculus hippocastanum and the invertebrate species Deroceras caucasicum, Limax flavus, and Eisenia
rosea are recommended to be used for the selective removal of HMs (Cu, Zn, and Pb) from the soil.

Keywords: heavy metal; contamination; soil; ecological hazard; health effect; bio-mitigation

1. Introduction

Soil pollution is a pressing environmental issue around the world. In this regard,
heavy metals (HMs) present special concerns. Globally, more than five million soil sites are
contaminated with HMs [1]. Soil serves as a major sink of HMs released into the environ-
ment. Unlike organic contaminants, HMs are biologically or chemically non-degradable.
However, their chemical forms and bioavailability are changeable [2]. Therefore, they can
accumulate in soil and remain persistent for long periods of time, posing serious environ-
mental threats [2,3]. Rapid industrialization and urbanization have caused the discharge of
wastewater containing high concentrations of HMs, which has contributed to the elevated
levels of HMs in urban environments, especially in developing countries [4]. Residents
in industrial areas are most vulnerable to exposure to HMs, since many of these elements
are closely related to industry [5]. Growing evidence demonstrates that HM pollution in
mining areas has caused serious health issues in local residents, as well as damage to soil
health [3]. Therefore, the prevention of toxic effects from these contaminants has become
an existential challenge [6].
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Many studies have been conducted on the reduction in or removal of HMs from
polluted soil, including in situ and ex situ remediation techniques [7]. Physical and chemical
remediation techniques do not completely solve the environmental problems associated
with HM contamination, whereas biological techniques (e.g., use of plants) have been
proven to be the most environmentally and economically effective approaches [6].

The mining industry makes significant contributions to the Armenian economy. It is
highly concentrated in Lori Province, northern Armenia. Generally, improper management
of industrial discharges is one of the most concerning environmental issues facing this
area [8]. Earlier hydro-ecological investigations suggested that the rivers in the mining areas
of Lori Province were negatively influenced by HM contamination, which was caused by
discharges from the Alaverdi copper smelter and Akhtala mountain enrichment combine,
as well as effluents from the non-operational tailing dump of the former Alaverdi mining
and metallurgical combine and the landfills of the non-operational Alaverdi underground
copper mine [8–10], while other studies have shown that the As and Pb contamination in
soil in Alaverdi Town was significantly associated with the Alaverdi copper smelter [11].

The present study aims to characterize HM contamination in metallurgically affected
soil, its environmental effects, and its bio-mitigation potential for the soil. To achieve the
goal of this study, the authors investigated HMs in the soil, plants, and animals near the
copper smelting plant in Alaverdi Town, Lori Province.

2. Materials and Methods
2.1. Study Site

The mineral industry is one of the main sectors of the Armenian economy, accounting
for 30.1% of its exports in 2017. According to the Armenian Development Agency, Arme-
nia has more than 670 mines of construction and aggregate minerals, including 30 base
metal and precious metal mines. The study site for this investigation is Alaverdi Town,
which is located in the northeastern part of Armenia, close to the border with Georgia
(41◦05′28.3′′ N, 44◦39′32.4′′ E) at an altitude of 1000 m a.s.l. The area is surrounded by high
mountains and forests. The largest Armenian polymetallic smelter is located in the middle
of Alaverdi Town. The Alaverdi copper smelter has been operating since its privatization in
1997 [12]. With the advent of Armenia’s independence in 1991, the operation of the copper
metallurgical factory of Alaverdi was temporarily stopped due to financial issues caused
by the economic crisis and the absence of a market, and the factory resumed its operations
in 1997 at full capacity [13]. The smelter, once again, suspended its operations in October
2018 because of financial problems of the operating company.

2.2. Soil and Biological Sampling

Soil and biological sampling were performed at different distances from the Alaverdi
copper smelter, as outlined in Figure 1 and Table 1. Surface soil (0–20 cm upper layer)
and invertebrate samples for HM and biological analyses, respectively, were collected
from 5 locations and a reference site located about 50–700 m and 25 km north of the
copper smelter in June 2020. Plant leaf and invertebrate samples for HM measurements
were gathered from one site, located about 800 m south-west of the copper smelter, and
the reference site in June 2021. The surface soil, plant leaf, and invertebrate samples
were collected from 5 different points for each location and mixed to make an integral
sample for each site. The soil samples were stored in polyethylene bags. Leaves were
collected from all plant species identified at the investigation site and stored in polyethylene
containers according to species. The invertebrate species occurring at the investigation
sites were gathered using a frame for determining the surface area of sample collection
and stored in polyethylene containers. The animals were kept alive in cool boxes under
low-temperature conditions.
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Figure 1. Location of the study area in Armenia and investigation sites as coded in Table 1.

Table 1. Coordinates of sampling sites located at different distances from the Alaverdi copper smelter.

Sampling Site Code N/Lat E/Long Sampling Site Location

S-50 41◦06′13.7′′ 44◦39′35.4′′ Investigation site located about 50 m north of the Alaverdi
copper smelter

S-100 41◦06′16.5′′ 44◦39′36.6′′ Investigation site located about 100 m north of the Alaverdi
copper smelter

S-200 41◦06′18.4′′ 44◦39′38.2′′ Investigation site located about 200 m north of the Alaverdi
copper smelter

S-300 41◦06′21.2′′ 44◦39′41.0′′ Investigation site located about 300 m north of the Alaverdi
copper smelter

S-700 41◦06′32.8′′ 44◦39′47.2′′ Investigation site located about 700 m north of the Alaverdi
copper smelter

S-800 41◦05′57.7′′ 44◦39′07.9′′ Investigation site located about 800 m southwest of the
Alaverdi copper smelter

S-R 40◦52′53.2′′ 44◦34′54.6′′ Reference site located about 25 km southwest of the
Alaverdi copper smelter

2.3. Sample Preparation and Analyses for Biomass and HMs

In the laboratory, the invertebrate samples for biological analysis were dried in an
incubator at 40 ◦C and then weighed to obtain the total dry mass. The animals for HM
analysis were identified to the lowest taxonomic level and stored according to species.
The soil and biological (invertebrates and plant leaves) samples for HM analysis were
dried in an incubator at 40 ◦C. The samples were ground into powder by a mortar and
pestle and digested on a hot plate using aqua regia solution (conc. HCl and conc. HNO3
in ratio of 3:1) for the soil samples and conc. HNO3 and H2O2 at a ratio of 3:2 for the
biological samples. The digested samples were analyzed for some HMs (As, Cu, Zn, Pb,
and Mo for the soil samples and Cu, Zn, and Pb for the biological samples) using an atomic
absorption spectrometer (AAS) according to the guidelines of the Federal State Institution
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Federal Center for Analysis and Assessment of Technogenic Impact (FSI FCAATI-2011) [14].
All chemicals used were of certified analytical grade. Deionized water was used for the
preparation of calibration standards and in the analyses. All glassware used was pre-
washed with 10% HNO3, followed by rinsing with distilled water prior to use. To ensure
that the AAS remained calibrated during the experiments, certified reference materials
were analyzed for soil and biological samples [14].

2.4. Assessment of HM Contamination, Ecological and Health Hazards

HM contamination in soil was assessed with a geo-accumulation index, Igeo [15],
developed based on a reference value.

Igeo = log2

(
Cm

1.5Cr

)
(1)

where Cm is the measured concentration of the element in soil samples and Cr is the
reference value of the element. Contamination degree based on Igeo values was classified
into the following categories: uncontaminated (Igeo < 0), uncontaminated to moderately
contaminated (0 ≤ Igeo < 1), moderately contaminated (1 ≤ Igeo < 2), moderately to heavily
contaminated (2 ≤ Igeo < 3), heavily contaminated (3 ≤ Igeo < 4), heavily to extremely
contaminated (4 ≤ Igeo < 5), and extremely contaminated (Igeo ≥ 5; [15]). The ecological
risks of the investigated HMs in the surface soil were assessed with the potential ecological
risk index (PERI; [16]).

Ci
r =

Ci
s

Ci
n

, (2)

Ei
r = Ci

r.T
i
r, (3)

PERI = ∑ Ei
r, (4)

where Ci
r is the pollution factor of a single element in soil, Ci

s is the measured concentration
of a single element in soil, Ci

n is the background concentration of a single element in soil,
Ei

r is the potential ecological risk of a single element, and Ti
r is the toxic response factor

for a single element. The reference value of each element was considered the background.
The Ti

r values for Cu, As, Pb, and Zn were derived from [17] and for Mo from [18]. The
potential ecological risk of a single element based on the Ei

r values was classified into
the following categories: low risk (Ei

r < 40), moderate risk (40 ≤ Ei
r < 80), considerable

risk (80 ≤ Ei
r < 160), high risk (160 ≤ Ei

r < 320), and very high risk (Ei
r ≥ 320; [16]). The

overall potential ecological risk based on the PERI values was classified according to [16]
as follows: low risk (PERI < 150), moderate risk (150 ≤ PERI < 300), considerable risk
(300 ≤ PERI < 600), and very high risk (PERI ≥ 600).

Human health risks of HMs in surface soil were examined with the risk assessment
methodology adopted from the USDOE (2011) [19] and USEPA (2011) [20]. The non-
carcinogenic exposure doses through ingestion, dermal absorption, and inhalation were
calculated using Equations (5)–(7):

EDing−nc =
C× IngR× ED× EF×CF

BW×ATnc
, (5)

EDderm−nc =
C×ABS×AF× ED× EF× SA×CF

BW×ATnc
, (6)

EDinh−nc =
C× ET× ED× EF
PEF× 24×ATnc

, (7)

where C is measured HM concentration (mg kg−1), IngR is the soil ingestion rate for
the receptor (mg day−1), CF is the unit conversion factor (kg mg−1), ED is the exposure
duration (year), EF is the exposure frequency (day year−1), ABS is the dermal absorption
factor (unit less), AF is the soil to skin adherence factor (mg cm−2), SA is the skin surface
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area available for exposure (cm2), ET is the exposure time (h day−1), BW is the average
body weight (kg), ATnc is the averaging time for non-carcinogens (day), and PEF is the
soil-to-air particulate emission factor (m3 kg−1). The non-carcinogenic hazard quotient of a
single HM was calculated using Equation (8):

HQing/derm/inh =
EDing/derm/inh−nc

RfDing/derm/inh
, (8)

where RfDing/derm/inh is the non-carcinogenic reference dose (mg kg−1 day−1) through
oral ingestion, dermal absorption, and inhalation. RfDing values for As, Cu, Mo, and Zn
were derived from the USEPA (2003) [21] and the RfDderm values for these elements were
obtained from the RfDing values by their conversion based on oral absorption efficiency for
dermal absorption derived from the USEPA (2004) [22]. RfDing and RfDderm values for Pb
were derived from [23]. HQinh was calculated for As only, the RfDinh value for which was
derived from the Agency for Toxic Substances and Disease Registry (ATSDR-2007) [24]. The
single metal non-carcinogenic hazard index via ingestion, dermal, and inhalation contact
with soil was calculated using Equation (9):

HInc = ∑ HQ = HQing + HQderm + HQinh. (9)

Non-carcinogenic health risks posed by all metals, expressed as the overall hazard
index (OHI), were assessed by the following equation:

OHInc =
n

∑
i=0

HInc. (10)

The carcinogenic exposure doses for only As and Pb were used to assess carcinogenic
health risks. The exposure doses through ingestion, dermal absorption, and inhalation
were calculated using Equations (11)–(15):

EDing−ca =
C× IR× EF×CF

ATca
, (11)

IR =
EDchild × IngRchild

BWchild
+

(EDadult − EDchild)× IngRadult
BWadult

, (12)

EDderm−ca =
C×ABS× EF×DFS×CF

ATca
, (13)

DFS =
EDchild × SAchild ×AFchild

BWchild
+

(EDadult − EDchild)× SAadult ×AFchild
BWadult

, (14)

EDinh−ca =
C× ET× ED× EF
PEF× 24×ATca

× 103, (15)

where IR is soil ingestion rate-age adjusted (mg year kg−1 day−1), DFS is soil dermal contact
factor-age adjusted (mg year kg−1 day−1), and ATca is averaging time for carcinogens (day).
The single metal non-carcinogenic hazard index via ingestion, dermal, and inhalation
contact with soil was calculated by Equations (16) and (17):

HIing/derm/inh−ca = EDing/derm/inh−cax CSFing/derm/inh, (16)

HIca = HIing−ca + HIderm−ca + HIinh−ca, (17)

where CSFing/derm/inh is the cancer slope factor (mg kg−1 day−1)−1 through oral ingestion,
dermal absorption, and inhalation. The CSFing/derm/inh value for As was derived from [25].
CSF through only oral ingestion and inhalation was used for Pb, and the values were
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derived from the Office of Environmental Health Hazard Assessment (OEHHA-2009) [26].
The overall carcinogenic hazard index was assessed using the following Equation:

OHIca =
n

∑
i=0

HIca. (18)

2.5. Statistical Analyses

Since Geary’s test of normality showed a nearly normal distribution of HMs and
biomass [27], Student’s t-test was used to determine the statistical significance of differences
between HM/biomass value averaged for the sites located at 50–700 m distance from
the Alaverdi copper smelter and HM/biomass value measured at the reference site [28].
The relationships between HMs and between HMs and biomass were determined by
Pearson’s correlation coefficient [29]. Statistical analyses were performed using Statistica,
ver. 8 (StatSoft, Hamburg, Germany) and Excel, ver. 2019 (Microsoft, Redmond, Washington,
USA) software programs.

3. Results and Discussion
3.1. HM Contamination in Soil

The average concentrations of the investigated HMs (except Pb) in the soil located
within 50–700 m of the Alaverdi copper smelting plant (sites S-50–S-700) were significantly
higher (p < 0.05) than those at the reference site (S-R). The contents of As, Cu, Zn, Pb, and
Mo at sites S-50–S-700 exceeded the reference levels by 3.6–23.7, 6.2–10.0, 2.0–3.6, 0–1.6,
and 3.6–6.8 times, respectively (Figure 2). The concentrations of As, Cu, Zn, and Mo mostly
decreased with an increase in distance from the smelter, while the levels of Pb between sites
S-50 and S-200 increased slightly, then decreased at the further sites (Figure 2). Pearson’s
correlation analysis showed a strong positive relationship between the concentrations of
the investigated HMs (except Pb; Table 2), which indicates that they were likely induced by
the same source.
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Table 2. Pearson’s coefficients of correlations between HMs and between HMs and invertebrate biomass.

As Cu Zn Pb Mo Biomass

As 1
Cu 0.703 1
Zn 0.901 0.863 1
Pb −0.574 0.159 −0.273 1
Mo 0.970 0.796 0.944 −0.428 1

Biomass −0.504 −0.948 −0.741 −0.326 −0.621 1

According to the Igeo values (Table 3), the soil located nearest the copper smelter (sites
S-50 and S-100) was heavily and moderately contaminated with As and Zn, respectively,
while the contamination decreased with an increase in distance from the smelter, and the soil
at sites S-200–S-700 showed moderate contamination and non-contamination to moderate
contamination with As and Zn, respectively. Cu showed moderate to heavy contamination
at all investigated sites (S-50–S-700). Mo was also an ecologically risky element in soil,
particularly at sites S-50–S-200 where the soil was moderately to heavily (S-50–S-100) and
moderately (S-200) contaminated with Mo. The ex-operation of the Alaverdi copper smelter
did not cause ecologically risky contamination with Pb in the investigation area where
the soil was either uncontaminated or uncontaminated to moderately contaminated with
this metal.

Table 3. Igeo of the investigated HMs in the soil located at different distances from the Alaverdi
copper smelter.

As Cu Zn Pb Mo

S-50 3.98 2.67 1.27 −0.74 2.19
S-100 3.94 2.74 1.01 −0.58 2.29
S-200 1.86 2.57 0.68 0.09 1.26
S-300 1.79 2.37 0.27 −0.10 0.58
S-700 1.27 2.04 0.45 −0.26 0.96

3.2. Adverse Ecological and Biological Effects of HM Contamination in Soil

The assessment of the potential ecological risks of soil contamination with single
HMs showed that Ei

r values for Zn and Pb at all the investigated sites, as well as As
and Cu at sites S-700 and S-300–S-700, respectively, were lower than 40, indicating a
low risk (Figure 3). As, Cu, and Mo contamination at sites S-200–S-300, S-50–S-200, and
S-200–S-700, respectively, showed a moderate risk, while As and Mo contamination at
sites S-50–S-100 indicating high and considerable risks, respectively (Figure 3), was of
particularly high concern. The investigated HMs according to Ei

r values can be ranked
as As > Mo > Cu > Pb > Zn at sites S-50–S-100 and S-300, and Mo > As > Cu > Pb > Zn at
sites S-200 and S-700 (Figure 3). As and Mo were the ecologically riskiest elements in
the investigated soils; therefore, more attention should be paid to these metals to prevent
potential ecotoxicity from these contaminants. Soil contamination with all the investigated
HMs showed a low, moderate, and considerable risk at sites S-300–S-700, S-200, and
S-50–S-100, respectively, according to the PERI values (Figure 3). The investigated sites can
be ranked according to the overall potential ecological risk (PERI) in decreasing order as
follows: S-100>S-50>S-200>S-300>S-700 (Figure 3). The highest overall potential ecological
risk was posed by the sites closest to the smelter (S-50 and S-100). The risk noticeably
decreased at site S-200 and continued to decrease with an increase in distance from the
smelter (Figure 3).
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The biological analysis showed that the biomass of invertebrates occurring in the in-
vestigated soils noticeably increased with an increase in distance from the smelter (Figure 4).
The biomass at the reference site was 11,886.5 mg m−2, so no organisms were observed at
the site closest to the smelter (S-50; Figure 4). The loss of biomass was 100, 99.83, 99.44,
97.33, and 88.20% at sites S-50, S-100, S-200, S-300, and S-700, respectively, compared to the
reference site (Figure 4). The mean biomass value in the soil potentially affected by the
ex-operation of the smelter (sites S-50–S700) was significantly lower (p < 0.001) than the
biomass registered at the reference site.
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Figure 4. Biomass of invertebrates occurring in the soil located at different distances from the Alaverdi
copper smelter.

Statistical analysis revealed a strong negative correlation between the biomass value
and the concentration of single elements such as As, Cu, Zn, and Mo and a moderate nega-
tive correlation between the biomass value and the Pb concentration (Table 2). However,
a statistically significant correlation was only observed between the biomass value and
the Cu concentration (p < 0.005; Table 2). All of this indicates that As, Zn, Mo, and Pb
were potential factors causing biomass changes, while Cu can be considered a driver of
biomass loss.

3.3. Adverse Health Effects of HM Contamination in Soil

HM contamination in soil may cause not only ecological risks but also human health
hazards through different pathways [30]. The calculation of OHInc through the inges-
tion, dermal absorption, and inhalation of HMs from soil showed that the adverse non-
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carcinogenic health effects of the investigated HMs at sites S-50–S-700, as well as the
reference site, were negligible for adults, while the OHInc for children was noticeably
higher at sites S-50–S-700 than the threshold value of 1 (Figure 5), which indicates that
HMs in this area had a probability of non-carcinogenic health effects on children. Children
are more susceptible to HM effects than adults, which is explained by the difference in
their physiological properties [17]. The OHIca of HMs (As and Pb) at sites S-50–S-700
also noticeably exceeded the threshold value of 10−4 (Figure 5), which indicates that this
contamination of the soil had a probability of carcinogenic health effects.
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Alaverdi copper smelter.

The investigated HMs can be ranked according to health hazard quotient (HQ) in
decreasing order as follows: As > Cu > Pb > Mo > Zn and As > Cu > Pb > Zn > Mo at sites
S-50–S-700 and the reference site, respectively. It should be noted that the concentration of
even a single element such as As also had probability of non-carcinogenic (for children)
and carcinogenic health effects, particularly at sites S-50–S-300 and S-50–S-700, respectively.
The non-carcinogenic and carcinogenic health risks of single and total HMs at almost all the
investigated sites that were potentially affected by the ex-operation of the Alaverdi copper
smelter were even posed through a single pathway, such as the ingestion or inhalation
of metals.

3.4. HMs in Plants and Invertebrates

The characteristics of the accumulation of some HMs (Cu, Pb, and Zn) by plant (leaves)
and invertebrate species occurring in soil potentially affected by the ex-operation of the
copper smelter in Alaverdi Town were also investigated. The accumulation level was
considered the difference between the total and reference concentrations of an element.
The highest concentrations of anthropogenic Cu, Zn, and Pb were accumulated in the
leaves of the species Fraxinus excelsior, Robinia pseudoacacia, and Aesculus hippocastanum,
respectively, with the lowest levels in the leaves of the species Salix acutifolia, Populus
canadensis/Ulmus minor, and Populus canadensis, respectively (Figure 6). The plant species
can be ranked according to decreasing HM accumulation level as follows: Fraxinus excel-
sior–Acer platanoides–Robinia pseudoacacia–Aesculus hippocastanum–Populus canadensis–Ulmus
minor–Salix acutifolia in the case of Cu accumulation, Robinia pseudoacaci–Fraxinus excelsior–
Acer platanoides–Aesculus hippocastanum–Salix acutifolia–Ulmus minor–Populus canadensis in
the case of Zn accumulation, and Aesculus hippocastanum–Robinia pseudoacacia–Fraxinus
excelsior–Acer platanoides–Salix acutifolia–Ulmus minor/Populus canadensis in the case of Pb
accumulation (Figure 6).
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Higher concentrations of anthropogenic Cu were accumulated in the tissues of the
slug species Deroceras caucasicum and Limax flavus, while anthropogenic Zn accumulated
more in the earthworm species Eisenia rosea (Figure 6). The investigated invertebrate species
did not accumulate anthropogenic Pb (Figure 6).

It can be stated that the investigated plant and invertebrate species showed different
capacities for the accumulation of HMs from the soil, and the plant species Fraxinus excelsior,
Acer platanoides, Robinia pseudoacacia, and Aesculus hippocastanum, as well as the invertebrate
species Deroceras caucasicum, Limax flavus, and Eisenia rosea can be used for the selective
removal of HMs from the soil over the copper smelting facility in Alaverdi Town.

4. Conclusions

This study showed that the ex-operation of the copper smelting plant in Alaverdi
Town negatively affected the environment, which was expressed by the noticeable HM
contamination in the soil even 700 m from the smelter. Although the contamination
decreased with an increase in distance from the smelter, the average concentrations of
almost all the investigated HMs in the soil affected by the ex-operation of the smelter
significantly exceeded the reference levels. Such contamination caused a substantial loss
of invertebrate biomass in the investigated soil and posed serious ecological risks, as
well as demonstrating an alarming probability of non-carcinogenic (for children) and
carcinogenic health effects. The investigated plant and invertebrate species inhabiting the
land near the smelter showed different levels of HM accumulation, indicating opportunities
to use the plant and invertebrate species with high capacities for HM accumulation for
the selective bioremoval of HMs from the soil. The results presented may be very useful
for the environmental monitoring and management of soil contamination in mining and
metallurgical areas.

5. Recommendations and Future Directions

Based on the capacities for HM accumulation by the investigated plant and inverte-
brate species, the plant species Fraxinus excelsior, Acer platanoides, Robinia pseudoacacia, and
Aesculus hippocastanum should be grown in the soil around the Alaverdi copper smelter
to mitigate environmental impacts in the ecologically vulnerable areas of Alaverdi Town,
while the slug species Deroceras caucasicum and Limax flavus can be used to remove Cu
from the soil, and the earthworm species Eisenia rosea used to remove Zn from the soil. For
implementing such mitigation actions, it is necessary to place large- and medium-sized
stones or make small piles in the area around the smelter, which will create ecological
conditions attractive to the invertebrates. Plants and animals should be regularly isolated
from the area and replaced with new ones for observation.
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