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a b s t r a c t

Mining activities change the chemical composition of the environment and have negative reflection on
people’s health and there is no single measure to deal with adverse consequences of mining activities, as
each case is specific and needs to be understood and mitigated in a unique way. In this study, the
combination of compositional data analysis (CoDA), k-means algorithm, hierarchical cluster analysis
applied to reveal the geochemical associations of potentially toxic elements (PTE) in soil of Alaverdi city
(Armenia) (Ti, Fe, Ba, Mn, Co, V, Pb, Zn, Cu, Cr, Mo, As). Additionally, to assess PTE-induced health risk,
two commonly used approaches were used. The obtained results show that the combination of CoDA and
machine learning algorithms allow to identify and describe three geochemical associations of the studied
elements: the natural, manmade and hybrid. Moreover, the revealed geochemical associations were
linked to the natural pattern of distribution of the element concentrations including the influence of the
natural mineralization of the parent rocks, as well as the emission from the copper smelter and urban
management related activities. The health risk assessment using the US EPA method demonstrated that
the observed contents of studied elements are posing a non-carcinogenic risk to children in the entire
territory of the city. In the case of adults, the non-carcinogenic risk was identified in areas situated close
to the copper smelter. The Summary pollution index (Zc) values were in line with the results of the US
EPA method and indicated that the main residential part of the city was under the hazardous pollution
level suggesting the possibility of increase in the overall incidence of diseases among frequently ill in-
dividuals, children with chronic diseases and functional disorders of vascular system. The obtained re-
sults indicated the need for further in-depth studies with special focus on the synergic effect of PTE.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

While mining has always been one of the oldest and crucial
activities in human history, it still is one of the fundamental
problems hindering the sustainable development of the society. In
recent years, the second place in the top 10 polluting industries
based on each source’s global burden of disease has been taken by
the “Mining and ore processing” industry which accounts for
450000-260000 Disability-Adjusted Life Years (DALY) (one DALY
can be thought of as one lost year of “healthy” life (World Health
e by Dr. Yong Sik Ok.

epanosyan).
Organization, 2014)). The most hazardous pollutants identified
were Pb, Cr, As, Cd and Hg and soil was stated to be one of the main
exposure pathways which could negatively affect agricultural, food
and drinking water systems (Bernhardt, 2016).

Considering the above-mentioned, as well as the fact that one of
the targets of the UN Sustainable Development Goal # 11 on
“Sustainable cities and cօmmunities” is to reduce the adverse
environmental impact of cities (United Nations, 2015), a special
attention should be paid to cities and communities located in
mining areas. Тhe soil of the cities located in or near the mining
areas reacts as a sink of contaminants emitted into the biosphere
from mining and smelting activities and serves as a secondary
pollution source of other environmental compartments (Johnson
et al., 2011; Saet et al., 1990). Therefore, a vast number of
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scientific publications (Anju and Banerjee, 2012; Candeias et al.,
2018; Carkovic et al., 2016; Chakraborty et al., 2017; Ding et al.,
2017; Gergen and Harmanescu, 2012; Kamunda et al., 2016;
Martínez-Martínez et al., 2013; Protano and Nannoni, 2018;
Tepanosyan et al., 2018; Thornton, 1996; �Zibret et al., 2018) docu-
mented the contents, distribution peculiarities, as well as pollution
levels and associated health risks of potentially toxic elements in
the soil of mining areas.

The city of Alaverdi (Armenia) is known by its mining history
and associated copper smelter. Even in the 12th century the region
where the city is located was known by its ore processing activities
(Governmental Decree, 2007). Since the 19th century the 67% of the
copper exported from Armenia to Tsarist Russia accounted for the
Alaverdi copper smelting plant (Gachechiladze et al., 1984; Kentron
NGO, 2017). In the 20th century, the production of the plant
amounted to 2000 tons (“Kentron” NGO, 2017) and in 1989, when
the production reached 40000 tons the plant was closed due to
environmental issues it caused (Saghatelyan, 2004). In 1997, the
plant reopened with an annual production of 286 tons of copper
(Nazaryan, 2009) and continued to increase the production during
the following years reaching 12800 tons in 2017 (Lori provincial
administration, 2017). In 2019, the smelter was closed due to leg-
islative issues. It is also worth highlighting that the “Zangezur
Copper-Molybdenum Combine” (ZCMC, 2019) also sends produced
copper concentrate to the Alaverdi copper smelter for further
processing which implies that the source of emissions are the same,
however the chemical composition of emissions varies depending
on the origin of copper concentrate.

A number of investigations indicate about the current compli-
cated environmental situation in the Alaverdi city caused by the
pollution of different environmental compartments by PTE
(Akopyan et al., 2018; Kentron NGO, 2017; Nazaryan, 2009; Pipoyan
et al., 2019; Saghatelyan, 2004; Saghatelyan et al., 2003). The sit-
uation is largely complicated due to the presence of a number of
mining and ore processing waste dumping sites in the city’s terri-
tory and the volume of the emissions from the plant smelter
enormously affecting the ecological situation in the city and its
surroundings (Akopyan et al., 2018; Kentron NGO, 2017; Nazaryan,
2009; Pipoyan et al., 2019; Saghatelyan, 2004; Saghatelyan et al.,
2003). Moreover, during the winter season the municipality of
Alaverdi city used the sludge of the “Alaverdi copper smelter” as an
abrasive material to cover frozen roads of the city. Unfortunately,
the last investigation of Alaverdi city soils was performed in 2013
(Akopyan et al., 2014). Considering this and the fact that within the
last five years the Alaverdi copper smelter operated intensively, in
2018 a complex eco-geochemical survey (soil, street dust, river
sediments) of Alaverdi territory was conducted by the Center for
Ecological-Noosphere Studies of the National Academy of Sciences
of the Republic of Armenia (CENS). As a long-term indicator of the
ecological status of the environment and accumulative media the
soil of Alaverdi was studied for potentially toxic element (PTE)
contents aiming: 1) to identify the geochemical associations of soil
PTE and their spatial distribution peculiarities in relation to the
natural condition and pollution sources, and 2) to assess potential
single-element and multi-elemental health risk. Many studies set a
purpose of revealing PTE spatial patterns and geochemical associ-
ations, identifying their possible sources and assessing PTE induced
health risk (Anju and Banerjee, 2012; Buccianti et al., 2008;
Candeias et al., 2018; Carkovic et al., 2016; Chakraborty et al., 2017;
De Vivo et al., 2018; Ding et al., 2017; Gergen and Harmanescu,
2012; Johnson et al., 2011; Kamunda et al., 2016; Liu et al., 2016;
Martínez-Martínez et al., 2013; Protano and Nannoni, 2018;
Tepanosyan et al., 2018; Thornton, 1996; �Zibret et al., 2018). How-
ever, this investigation is unique as its study site demonstrated
many natural and manmade processes, a case where the
geochemical composition of the main data set was used to identify
and map those sub data sets which represent dominant processes
existing in the study site. Moreover, the geochemical associations of
PTE in each sub data set were studied to reveal their inner structure
and assess the potential contribution of each dominant process to
human health risk.

It is important to highlight that the obtained results will also
provide the local authorities with scientifically grounded and
justified evidence base on health risk reduction strategic planning
and decision making related to the Alaverdi copper smelting plant
operation.

2. Materials and methods

2.1. Study area

The city of Alaverdi (Lori region, Armenia) covers an area of
18 km2 and is situated at the height of 750e1400 m (SCRA, 2018).
The city has a dissected relief composed of steep slopes of Debed
river canyon and the Sanahin plato (Manucharyan, 1985). The
average air temperature range is þ21 �C to þ25 �C in summer, and
the lowest temperature of -18 �C is observed in winter. The plant
cover of the city territory is poorly developed and the soil layer here
is characterized by thinness and depletion in humus. The water-
sheds and upper parts of the slopes are characterized by an absence
of soil layer.

According to Manucharyan (1985), the geological base of the
city is composed of Jurassic volcanogenic sedimentary rocks, vol-
canic formations of the Upper Pliocene, as well as modern surface
formations. The Oxfordian volcanogenic sedimentary rocks are
represented by the successive of dark gray porphyrites, tuffs, tuff-
sandstone, tuff-breccia and cover the main part of the city of Ala-
verdi. Across the river Debed there are bedded thin ribbon-like lava
rocks of the Upper Pliocene which level the ancient relief and form
a plan�eze within the city’s territory represented by the fine-
grained, solid and crevassed andesite and basaltic andesite.

2.2. Soil sampling

Soil sampling (0e5 cm, 2018) was carried out in the urban area
of Alaverdi. A total of 207 samples (Fig.1) were collected following a
uniform sampling strategy that used a 0.25 � 0.25 km grid (16
samples per 1 km2). To establish Alaverdi soils background values,
additional 30 PTE background soil samples were collected from the
unpopulated and unpolluted external parts (the background site) of
the city. A stainless steel hand shovel was used for taking and
mixing 3e5 randomly collected subsamples into a bulk sample.
Bulk samples stored in polyethylene bags were transported to the
laboratory where soil samples were air-dried, homogenized and
sieved (<2 mm), milled in the laboratory in accordance with ISO-
11464 (ISO, 2006), to obtain fine-grained (0.063 mm) fraction for
the analysis.

2.3. Analytic methods and QA/QC

The total concentrations of Ti, Fe, Ba, Mn, Co, V, Pb, Zn, Cu, Cr, Mo
and As in the soils were determined by X-ray fluorescence spec-
trometry (Olympus Innov-X-5000 (USA)) (US EPA Method 6200,
2007). The standard reference materials (NIST 2711a and NIST
2710a, USA) and the blank (SiO2) obtained from the National
Institute of Standards and Technology of the USA were analyzed as
part of the quality assurance and quality control (QA/QC) proced-
ures. The relative percent difference (RPD) of 12 pairs of duplicates



Fig. 1. Spatial location of the soil sampling points (n ¼ 207).
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showed that the analytical precision was within 4.6e23.2%. The
Percent difference (PD) was used to check the accuracy. The PD
ranges 3.4e16.3% which is within the acceptable range of 20% (US
EPA Method 6200, 2007).
2.4. Data analysis and geochemical mapping

Classical descriptive statistics were calculated (Supplementary
materials, SM-Table 1). To test the normality of the studied ele-
ments, the Shapiro-Wilk test was used (SPSS20). Considering the
compositional nature of geochemical data below the detection limit
(BDL) values were studied and an appropriate replacement method
was applied. Particularly, considering that in Alaverdi soil data set
Mo BDL values are large (>10%) the multivariate modified EM
(Expectation and Maximization algorithm) alr-algorithm was used
to replace BDL values (RGSCoDa, 2017). It is known that approxi-
mately every geochemical composition has the following two main
limitations: outliers and data closure (Liu et al., 2016; Reiman et al.,
2008). Therefore, we use compositional data analysis to deal with
the data closure effect. The effect of outliers onto the underlying
data structure can beminimized through the use of robust methods
(Filzmoser et al., 2005; Liu et al., 2016). Moreover, the discrimina-
tion of detected outliers into “outliers of original population” and
“outliers coming from different population” has no mathematical
solution (Leys et al., 2018). Therefore, evenwith compositional data
analysis and robust method used the influence of observation not
typical to the main data set may not be fully eliminated. Conse-
quently, within this study in order to eliminate any even small in-
fluence of multivariate outliers on the data structure of the
dominant processes and their internal structure we decided to
exclude multivariate outliers from further data treatment.

The multivariate outlier detection was performed using the
Atipicality index (RGSCoDa, 2017) and the 0.95 value was set as a
threshold in order to reveal if a sample was a potential outlier. To
identify the relationship between PTE principal component biplot
of the clr-transformed data (clr-biplot) and k-means cluster analysis
(CA) of ilr-transformed data were performed using the CoDaPack
v.2.02.21 and R statistics. Moreover, to identify the optimal number
of clusters we used Elbow method and “NbClust Package” (Charrad
et al., 2014) in R statistics. The latter provided 30 indices for
determining the optimal number of clusters including the Calinski
index, Silhouette etc.

Additionally, a hierarchical cluster analysis (HCA) was per-
formed in order to identify the studied PTE geochemical associa-
tions in each group of sub-samples identified through the k-means
clustering.

The software used for the mapping and spatial analysis was
ArcGIS10.3. The IDW (inverse distance weighting) interpolation
method was used which allowed to accurately identify the overall
geochemical spatial pattern (Preston et al., 1996; Zhou et al., 2007).

The background concentrations were determined according to
the combined method taking into account the recommendations
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provided in the scientific literature (Galuszka et al., 2016;
Matschullat et al., 2000; Reimann et al., 2018, 2005; Tepanosyan
et al., 2017; Zglobicki et al., 2011).

2.5. Pollution estimation and risk assessment

The potential health risks posed to city inhabitants were
assessed using two methodological approaches.

The first approach used was the calculation of the Summary
pollution index (Zc) Eqs. (1) and (2) which was based on the fea-
tures of the soil geochemical anomaly and related abnormalities in
human organisms. As a crucial reference, Zc takes into account the
local background values (LBV), especially when natural biogeo-
chemical provinces are concerned. Zc was estimated using the
following equations:

Kci ¼Ci=Ciback (1)

Zc¼SKci � nþ 1 (2)

where Kc is the pollution index Eq. (1), Ci is the element content in
soil (mg/kg); Ciback is the element of LBV in soil (mg/kg); n is the
number of studied elements which equals to Kc > 1 (Johnson et al.,
2011; Revich et al., 1982; Saet et al., 1990). According to Golovin
et al. (2000) Kc values greater than 4 are considered hazardous
whereas 1<Kc < 4 is allowable. In the case of Zc the pollution levels
and associated health risk classification (Burenkov and Yanin, 2001)
are provided in the Supplementary materials, see SM-Table 2.

The US EPA risk assessment method is the second one based on
the chronic daily intake (CDI) of a toxicant and its reference dose
(RfD) for non-carcinogenic risk. Particularly, in this study the soil
ingestion non-carcinogenic risk assessment was conducted for the
Pb, As, Cu, Zn, Mo, Cr, Co, Mn, Ba, Fe and V elements. The following
equations (3)e(5) were used when calculating non-carcinogenic
risk levels (RAIS, 2020):

CDIchildren=adults ¼ðC� EF � ED� IRS�CF �RBAÞ
.
ðAT � BWÞ

(3)

HQi ¼ CDIi
.
RfDi (4)

HI¼
Xn

i¼1

HQi (5)

where CDI is the chronic daily intake of PTE; C is the element
content in soil (mg/kg), EF - exposure frequency which stands at
350 day/year; ED is the exposure duration standing at 26 years for
adults and 6 years in the case of children (RAIS, 2020); IRS is the
ingestion rate: 100 mg/day�1 for adults and 200 mg/day�1 for
children; RBA e the relative bioavailability factor: 0.6 for As and 1.0
for other studied elements; AT is the average time (AT ¼ 365� ED)
(RAIS, 2020), BW is the average body weight, kg: 70 kg for adults
(US EPA,1989a) and 15 kg for children (RAIS, 2020), HQ is the single
element Hazard Quotient and HI is the Hazard Index (also known as
the multi-elemental risk).

The non-carcinogenic risk - HQ/HI > 1 means that an adverse
health effect could be expected while the 0.1<HQ/HI < 1 formula
indicates that some precautionary measures should be considered.
If HQ/HI < 0.1, then there is no possibility of an adverse health effect
(RAIS, 2020; US EPA, 1989b). For characterization of a non-
carcinogenic risk in this particular study, we adopted the risk
level description outlined in the Risk Assessment Information
System (RAIS, 2020) and the classification provided in Rapant et al.
(2010) in such form and measure possible that the extend of the
city territory under specific level of non-carcinogenic risk could be
visualized. The following classificationwas used: no risk (HQ < 0.1),
low risk (0.1e1), medium risk (1e4) and high (HQ > 4).

3. Results and discussion

3.1. Data analyses and PTE concentrations in soil

Themain descriptive statistics of the studied PTE in Alaverdi city
soils, as well as PTE LBV soils values are presented in the Supple-
mentary materials - SM-Table 1. The Shapiro-Wilk tests of
normality demonstrated that only Ti showed lognormal distribu-
tion among the studied PTE. Other studied elements were neither
normally nor log-normally distributed. The latter can be explained
by the presence of outliers and extreme concentrations resulting
from the geogenic and anthropogenic factors.

The Kc values of V (1.0; 0.5e2.0), Ti (1.0; 0.5e2.0), Co (1.2;
0.05e4.0), Fe (1.1; 0.4e4.0), and Mn (0.8; 0.3e2.0) showed that a
hazardous level of pollution was not observed. These elements also
appeared to display a comparatively small variability: 25%, 20%,
50%, 50%, 31%, respectively. In the case of Cr (1.9; 0.2e25), Mo (14.6;
0.9e239), As (1.7; 0.2e37), Zn (2.8; 0.4e29), Cu (3.0, 0.1e51), Pb
(2.2; 0.1e78) and Ba (1.8; 0.4e10) Kc> 1 observed in 9, 74,17, 46, 46,
21 and 13 samples out of 207, the presence of hazardous level of
pollution was documented. Moreover, besides Ba (70%), all other
elements too showed high values of the coefficients of variation
(CV): 110% (Cr), 219% (Mo), 174% (As), 112% (Zn), 162% (Cu) and 273%
(Pb) which indicated the presence of outliers, extreme values and
high possibility of these elements to be anthropogenically intro-
duced and/or associated with the natural mineralization processes
of the study area. Fig. 1 and Supplementary materials (SM-Fig. 1)
demonstrate that the spatial distribution of Kc > 4 values is in line
with the Alaverdi copper smelter, major roads, mining waste and
dumping sites, Arsenic burial location, as well as the sites of known
natural mineralization. Therefore, the abundance of the natural and
manmade sources of PTE in the small area of the city inferred the
combined influence of sources on the contents of PTE in the studied
samples.

SM-Table 1 makes it obvious that among the studied elements
Cr and Mo descriptive statistics are calculated using data on 183
and 189 soil samples, respectively. The latter is due to the BDL
values of these elements. Particularly, in the case of Cr BDL values
were observed in 24 (11.6%) out of 207 soil samples and Mo BDL
values were observed in 18 (8.7%) of all samples. It needs to be
mentioned that the detailed inspection of the Cr andMo BDL values
spatial location (Fig. 2) and information collected during the
fieldwork allow suggesting that Mo BDL values are in line with the
areas which local people use for the agricultural activities. How-
ever, additional studies need to be carried out in order to reveal the
cause of Mo BDL values in these areas. In the case of Cr BDL values,
those were mainly identified near the areas where mining waste
existed. One possible explanation suggested by Johnson and
Demetriades (2011) may be the presence of Cr in soil in the form
of disseminated pyritiferous particles which results in a very high
analytical variance. Hence, the analytical equipment interface re-
ported theme as being BDL values. This issue is a topic of future
studies with a special focus on the details of soil matrix and
chemical form of the particular elements in it.

The data provided in the Supplementary materials (SM-Table 1)
and SM-Fig. 2 also indicated the presence of the outliers in the data
distribution. Therefore, in order to identify possible multivariate
outliers, the Atipicality Index was applied and the 0.95 value was
set as a threshold. The Atipicality Index showed that 25 (12.1%)
samples out of 207 were identified as multivariate outliers.



Fig. 2. Spatial location of the k-means clusters, Mo and Cr BDL values.
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Moreover, 13 multivariate outliers out of 25 were soil samples
containing replaced BDL value sof Cr andMo. The spatial location of
these samples are presented in the Supplementary materials (SM-
Fig. 2). They confirmed the samples were in line with the known
sources of pollution including those areas where mining waste was
present (4 soil samples), Arsenic burial site (1 soil sample), area
close to the Alaverdi Copper smelter (3 soil samples), the main
residential part of the city (9 soil samples) and areas along the
major roads (8 soil samples). Due to the small area of the city there
is a high likelihood of some of these multivariate outliers to be
originated by the influence of several sources simultaneously.
3.2. Clr-biplot and cluster analysis

Prior to clr-biplot creation and cluster analysis, in order to
effectively disclose different geochemical processes in the study
area (Liu et al., 2016; RGSCoDa, 2017; Thiombane et al., 2018) the
sample which replaced BDL values, as well as the outliers were
removed from the data set. The consequent sub-data set included
155 soil samples which were used in the following data analysis.

The k-means unsupervised machine learning algorithm was
applied to 155 soil samples in the ilr-transformed data set to
partition it into a specified number of data subsets. The optimal
number of data subsets were chosen based on the results of both
the Elbow method and the “NbClust Package” (SM-Txt-1). In both
cases the optimal number of clusters were identified as k ¼ 3
clusters. Fig. 2 illustrates the spatial distribution of 3 clusters. It
clearly displays that all three clusters spatially are spatially sepa-
rately distributed, except some areas where cluster overlapping can
be observed. More specifically, the sampling points included in the
first cluster are in line with the built-up urban environment and
roads. The sampling points representing the second cluster are
mainly located close to the Alaverdi copper smelter and major
roads (Fig. 2). In the case of the third cluster the samples are
spatially located in the Sanahin plato area and its slopes.

The results of k-means clustering overlain on the compositional
clr-biplot are presented in Fig. 3. It is evident that the studied ele-
ments showed distinct groups on the clr-biplot. Particularly, Mo
appeared on the clr-biplot separately from all other studied ele-
ments and represented the 1st cluster (Fig. 2) of k-means results. As
mentioned in the introductory part of the manuscript, Alaverdi
copper smelter processes also copper concentrate obtained from
the Zangezur Copper-Molybdenum Combine. This activity could be
one of the main sources of Mo in the city territory. A close associ-
ation observed between Pb, Cu, As and Zn represented the 2nd
cluster (Fig. 2) of k-means results. This group of elements are
associated with the copper smelter activities and are the main
pollutants emitted into the city environment. Although the main
manmade contributor of Mo and elements included in the second
cluster was supposed to be the same the appearance of Mo in a
separate cluster could also be explained by its geochemical
behavior. Particularly, according to Kabata-Pendias and Pendias



Fig. 3. Results of the k-means clustering on the clr-biplot of 155 soil samples.
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(2011) the main reactions controlling Mo mobility and accumula-
tion in soil layer are significantly dependent onMo associationwith
organic matter, soil pH and Eh conditions, its various adsorption by
Fe, Mn, and Al hydrous oxides. The remaining elements (Fe, Co, Ti, V,
Mn and Ba) are grouped together and represent the 3rd cluster
(Fig. 2) of k-means results. The elements included in this group
mainly have a natural origin. Apparently, the combination of the
clr-biplot and k-means clustering, as well as the spatial represen-
tation of k-means clustering results on the map (Fig. 2) indicated
the presence of leading factors which controlled the studied ele-
ments distribution, the geochemical composition and features in
the Alaverdi city soils.
Fig. 4. HCA of k-means clustering results: (a) HCA of Mo-associated first cluster (42 soil sam
HCA of Fe, Co, Ti, V, Mn and Ba-associated third cluster (74 soil samples).
The geochemical associations of elements within each subset of
clusters identified by k-means (1st, 2nd and 3rd clusters) were
studied using HCA. The obtained results are provided in Fig. 4.

Considering that Fig. 4 (c) is the hierarchical cluster of the group
of naturally originated elements (the 3rd cluster of k-means, the
group of Fe, Co, Ti, V, Mn and Ba) we may suppose that this cluster
represents the natural association of the studied elements in the
city area. Fig. 4 (c) clearly demonstrates that two distinct groups
were identified. The first one mainly included the elements clas-
sified to be lithophilic (Selinus et al., 2005) including the Fe, Co, Ti,
Mn in the first sub-cluster and V, Ba, Cr and Mo in the second sub-
cluster. The second group included chalcophile elements (Selinus
ples), (b) HCA of Pb, Cu, As and Zn-associated second cluster (39 soil samples) and (c)
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et al., 2005) such as Pb, Zn, Cu and As.
Fig. 4 (a) and 4 (b) showed some differences with regard to the

natural association identified in Fig. 4 (c). Particularly, Fig. 4 (a)
which was created using the data subset of Mo-associated 1st k-
means cluster (Figs. 2 and 3) demonstrates that the studied ele-
ments are aggregated into two groups. The first group included Fe,
Co, Ti, Mn, V, Ba and Cr. These elements were in the same group in
Fig. 4 (c) indicating their natural origin. The second group included
Cu, Pb, As, Zn and Mo. According to Saghatelyan (2004), the typo-
morphic elements of the Alaverdi mining district are Cu-Mo-Sn-Pb-
Zn-Hg-Ba. Considering this and the spatial locations of the 42
samples included in the Mo-associated group (Fig. 4(c)) we may
suppose that the Cu, Pb, As, Zn and Mo group is a hybrid
geochemical association. Particularly, the contents of studied PTE in
soil of these areas are the result of superposition of Mo, Cu, Pb, As
and Zn concentrations introduced by the natural mineralization of
the parent rocks and anthropogenic emissions. The two groups of
elements were observed in the HCA (Fig. 4(b)) of the 39 soil sam-
ples included in the Pb, Cu, As and Zn-associated 2nd k-means
cluster (Figs. 2 and 3). The first group included Fe, Co, Mn, V and Ti
whereas the second group was composed of two subgroups. The
first subgroup included the elements of Cu, Mo, Pb and As and the
second subgroup composed of Zn, Cr and Ba, suggesting the
anthropogenic origin of these elements in the mentioned 39 soil
samples. Moreover, these 39 soil samples are distributed near the
Alaverdi copper smelter and are close to the major roads (Fig. 2).
Fig. 5. Spatial distribution of Summary po
Overall, the results of HCA suggested that the emissions from Ala-
verdi copper smelter, the natural conditions, as well as the local
environmental management (i.e. the sludge cover of frozen roads)
conditioned the aspects of associations of studied elements in the
soil and their spatial distribution pattern.
3.3. Potential health risk assessment

The results of potential health risk assessment of studied
element contents in Alaverdi soil showed that in the case of the
Summary pollution index (Zc) (Fig. 5) the allowable level of
pollution was observed in the 47.2% (8.5 km2) of the city territory
and was spatially located in the northern, western, southern and
southeastern parts where mainly private houses or the lands under
agricultural use were located. According to the Zc classification
based on the changes in human health indices, these areas are
characterized by the lowest incidence among children andminimal
incidence rate of functional disorders.

Extremely hazardous level (0.7%, 0.13 km2) of pollution has a
point-like shape and is spatially located near the Alaverdi copper
smelter, across the major road crossing the city, as well as in the
main residential parts. Additionally, in the northern part it appears
near the mining waste site which is situated close to the copper
massive sulfide deposit. The extremely hazardous level is sur-
rounded by the hazardous level which occupies the 25.4%
(4.57 km2) of the city territory which in its turn is surrounded by
llution index levels in Alaverdi soils.
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the moderately hazardous level (26.7%, 4.8 km2) of pollution. It
should be noted that (see Fig. 5) that areas where residential
buildings are located is mainly under the hazardous level of
pollution indicating that here an increase in overall incidence of
diseases among frequently ill individuals, children with chronic
diseases, functional disorders of vascular system could be expected.

The US EPA health risk assessment method showed (see Fig. 6) a
significant non-carcinogenic health risk both for children and
adults. Particularly, a low level (79.8%, 14.36 km2) of non-
carcinogenic risk to adults predominated in the city area. The
high level has a point-like shape and was revealed in the area
where copper massive sulfide deposit and main mining waste
disposals are located. The medium level (19.7%, 3.54 km2) was
spatially located in the areas near the Alaverdi copper smelter and
its surroundings.

The multi-elemental non-carcinogenic risk posed to children’s
health was assessed based on the Fe, Ba, Mn, Co, V, Pb, Zn, Cu, Cr, Mo
and As contents in the soil of Alaverdi detected in the entire terri-
tory of the city. Moreover, the mean HQ values of child non-
carcinogenic risk of the studied PTE decrease in the following or-
der: As(2.41)>Fe(1.14)>Co(1.09)>Mn(0.61)>Pb(0.41)> Cu(0.32)
>V(0.19)>Mo(0.11)>Cr(0.05)>Ba(0.03)>Zn(0.02). Among the studied
elements HQ > 1 is observed for As, Fe, Co, Cu, Mn, Pb andMo in 122,
95, 86, 10, 10, 9 and 6 samples out of 207 soil samples, respectively.
The HI ranges from 1.85 to 73.4 with the mean value of 6.37 and the
highest contributor to the mean HI value was As.

The detailed inspection of child non-carcinogenic risk levels
within the 1st, 2nd and 3rd clusters of k-means showed some
differences between the risk levels associated with the elements
content and the changes in the first places of risk series. Particu-
larly, the mean values of children non-carcinogenic risk in each of
the 1st, 2nd and 3rd sub data sets, as well as the samples of
multivariate outliers decrease in the following order:

1st - As(2.6)>Co(1.54)>Fe(1.50)>Mn(0.55)>Pb(0.40)>Cu(0.39)>-
Mo(0.34)>V(0.21)>Cr(0.08)> Ba(0.05)>Zn(0.03)
Fig. 6. Spatial distribution of adult multi-elemental non-carcinoge
2nd - As(3.87)>Fe(1.14)>Co(1.06)>Cu(0.69)>Mn(0.67)>Pb(0.55)>V(0.19)>
Cr(0.06)>Mo(0.04)> Ba(0.03)>Zn(0.02)

3rd - Fe(0.80)>Co(0.79)>As(0.77)>Mn(0.58)>V(0.18)>Pb(0.12)>Cu(0.08)>
Cr(0.04)>Ba(0.02)> Mo,Zn(0.01)

Multivariate outliers - As(5.45)>Fe(1.83)>Co(1.62)>Pb(1.3)>
Mn(0.59)>Cu(0.51)>Mo(0.29)>V(0.22)>Cr(0.05)> Ba(0.04)>Zn(0.03)

From the risk series it is evident that the single-element HQ
values less than 1 for all studied PTE, observed in the case of the 3rd
sub data set represent the natural processes in the city area. For all
other cases (the 1st, 2nd and the multivariate outliers) the HQ
values of the single elements greater than 1 were identified. Among
the studied PTE posing an adverse health effect to childrenwere As,
Co and Fe in the case of both the 1st and the 2nd sub-data sets, and
As, Fe, Co and Pb in the case of multivariate outliers. Moreover, the
mean HQ values of As, Fe, Co and Pb exceeded those in the case of
the 1st, 2nd and 3rd sub-data sets indicating that the areas where
multivariate outliers were identified must be the first in the list
where risk reduction measures should be applied. Among all
studied elements, As was the riskiest element.

The detailed inspection of the As non-carcinogenic risk posed to
children’s health (see Fig. 6) showed that a low (precautionary)
level (25.6%, 4.6 km2 of city area) of non-carcinogenic risk was
observed in the areas where private houses and agricultural lands
were situated. The medium level (56.1%, 10.1 km2) of non-
carcinogenic risk posed to children predominated in the city ter-
ritory and spatially occupied the main residential areas and its
surroundings whereas a high level (18.3%, 3.3 km2) of non-
carcinogenic risk to children’s health mainly covered the non-
residential areas close to the Alaverdi copper smelter, the known
copper massive sulfide deposit and the main mining waste
disposals.

In summary, it should be noted that especially in the case of
children both approaches used in this study to assess and charac-
terize the potential health risk to city inhabitants revealed that the
main residential part of Alaverdi was under the impact of a high
nic risk and As non-carcinogenic risk to children in Alaverdi.
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pollution level (Zc) and a medium level of non-carcinogenic health
risk. Moreover, this finding is in line with the limited data available
in the literature regarding the human health indices in Alaverdi
territory. Particularly, in Babayan et al. (2008) it is reported that
indicators of case rate and mortality exceeded the average national
indicators by 2e3 times. The incidence of oncological diseases ex-
ceeds the standard occurrence with 10 times hence suggesting that
the obtained results are significantly realistic, as the arsenic is in the
list of carcinogenic elements (RAIS, 2020), as well.

4. Conclusion

Within this study the CoDA, k-means clustering and HCA were
applied for the first time aiming to reveal the geochemical associ-
ations of Ti, Fe, Ba, Mn, Co, V, Pb, Zn, Cu, Cr, Mo and As of dominant
processes presented in the Alaverdi city soils and to establish the
unique link between these processes and human health. According
to the obtained results three compositionally and spatially distinct
sub-data sets were analyzed and proceeded using HCA. The latter
allows to reveal soil PTE grouping features in each sub-data set
which, in its turn, suggested the existence of the natural, manmade
and hybrid geochemical associations of the elements in the city
area.

The results of the two risk assessment approaches verify each
other and indicated that adverse health effects such as incidence of
diseases among frequently ill individuals, children with chronic
diseases, functional disorders of vascular system could be expected
especially for the children living in the city territory. Moreover, the
risk assessment showed that the mean values of child non-
carcinogenic risk for all elements were below the allowable limit
(HQ < 1) only in the case of sub-data set representing the natural
geochemical associations of elements. In all other cases the
anthropogenically introduced quantities of PTE play a crucial role
for the formation of PTE contents posing single-element and multi-
elemental non-carcinogenic risk, especially to children’s health.
Among all the studied elements arsenic was identified as the
riskiest.

Considering the obtained results further detailed studies on the
association of elements in the ligand matrices need to be per-
formed to more precisely describe the geochemical associations of
elements and the PTE related risk levels. Additional investigation of
other environmental compartments (air, water, food etc.) and PTE
bioavailability is required in order to assess the integral health risk
from the perspective of various medias.
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