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� Lead is the primary pollutant of Yerevan soils.
� Single element non-carcinogenic risk was mainly detected for Pb and Cr.
� Heavy metals pose a non-carcinogenic risk to children.
� Low level of carcinogenic risk of As soil contents detected.
� Historical pollution was the main source for Pb riskiest contents.
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a b s t r a c t

The pollution of urban soils by heavy metals remains a topical issue because of the risks it represents to
human health. Heavy metal pollution levels of Yerevan's soils were evaluated using Pollution index and
Enrichment factor, while associated health risk was assessed by US EPA model. The heavy metals with
significant amount of PI > 1 values were observed for V (100%), Cr (95.4%), Ni (92.5%), Cu (95.6%), Zn
(92.9%), Hg (89.0%), Pb (99.9%), As (72.0%), and Ba (61.6% of samples). EF showed that Yerevan topsoils
were significantly contaminated with Hg, and moderately contaminated with V, Ni, Cu, Zn, Cr, and As.
Topsoils near the smelting plants of molybdenum concentrate have moderately to extremely high
contamination levels for Mo. Topsoils were moderate to extremely highly contaminated with Pb, too. The
high amounts of samples with heavy metal contents greater than Maximum Acceptable Concentrations
were observed for Pb, Cr, Zn, Ni, and Cu. Pb and Cr exceeded corresponding Soil Screening Levels in 3.39%
and 2.43% of samples, correspondingly. The risk assessment showed children's multi-elemental non-
carcinogenic risk and low level of arsenic carcinogenic risk in the whole Yerevan. The riskiest element
was Pb which high contents in 72 risky sites correlate only with the metals having a natural origin.
Moreover, its main source is historically polluted soils and Pb supposed to be redistributed in the city
environment linked to the sorption complexes of Fe and Mn oxides.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Cities are the centers of scientific-technological development
and offer high-quality conditions for human life. At the same time,
urbanization and industrialization affect urban environments in a
Tepanosyan), lilit.sahakyan@
lyaeva), nairuhi.maghakyan@
elyan).
unique way. A large number of studies of urban environment and
especially urban soils (Alekseenko and Alekseenko, 2014;
Charlesworth et al., 2011; Johnson et al., 2011; Meuser, 2010;
Rouillon et al., 2013; Wong et al., 2006) showed that pollution by
heavymetals is one of the most topical issues. Of particular concern
is the health risk associated with heavy metal contents of the soils.
Human health risk assessment was done in different cities around
theworld (Chabukdhara and Nema, 2013; Charlesworth et al., 2011;
Ding and Hu, 2014; Filippelli et al., 2012; Grzetic and Ghariani,
2008; Gu et al., 2016; Jiang et al., 2017; Lee et al., 2006; Loredo
et al., 2003; Poggio et al., 2008; Reis et al., 2013; Sahakyan et al.,
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2016; Sun et al., 2010; Zach�ary et al., 2015) using themethodologies
of health risk assessment developed by United States Environ-
mental Protection Agency.

Although the first methodology of health risk assessment was
developed in the 1980s, its core principles have undergone some
modifications and are still valid (e.g (US EPA, 2009, 2008, 2005,
2004, 1997)). Risk assessment process consists of four basic steps,
namely hazard identification, doseeresponse assessment, exposure
assessment, and risk characterization (Pepper et al., 2011; US EPA,
1989a, 1989b). This model has been successfully used with soils
(S. W. Lee et al., 2006; Lu et al., 2011; Rapant et al., 2010).

Yerevan has a total area of 223 km2 and 1.06 million population
(4782 persons per square km). Major land use types of the city are
primarily residential, industrial, and commercial. Since Soviet time,
being one of the industrialized (approx. 60% of republic's industry)
cities of Armenia, Yerevan's territory is significantly polluted by
heavy metals (Saghatelyan, 2004; Sahakyan, 2006; Tepanosyan
et al., 2016). During the Soviet period, discharges from Aluminum
plant, Electric bulb plant, Experimental plant of milling machines,
Car and Worsted complex, Typography, Polygraphic complex, as
well as from urban transport, led to the continuous accumulation of
heavy metals in the soils of Yerevan (Saghatelyan, 2004; Sahakyan,
2006). After the collapse of the Soviet Union, major socioeconomic
transformations had significant reflections on the quantitative and
qualitative features of heavy metals geochemical streams. The
quantities of heavy metal concentrations and priorities have
changed over time, but being persistent pollutants, they still exist
in the soils of Yerevan. Due to these socioeconomic trans-
formations, the spatial distribution of industrial zones throughout
Yerevanwas changed as well and obtained a more mosaic character
(Fig. 1) (Tepanosyan et al., 2016). In addition, uncontrolled
Fig. 1. Spatial distribution of topsoi
constructive activities took place, and commercial and industrial
enterprises were opened in residential areas, as well as many res-
idential buildings, private houses and commercial units have been
built in industrial zones (Supplementary materials Fig. 1). Since
1989, geochemical studies such as soil surveys, atmospheric and
hydrochemical investigations were done systematically in the
Center for Ecological-Noosphere Studies (CENS) of the National
Academy of Sciences of the Republic of Armenia, but the human
health risk has never been assessed by national or international
standards. For this reason, this paper focuses on assessing: (1)
heavy metals pollution levels and enrichment in Yerevan topsoil,
(2) children's and adult's non-carcinogenic health risk, (3) arsenic
lifetime carcinogenic risk, as well as (4) identifying the riskiest
heavy metal sources of origin.
2. Materials and methods

2.1. Study site description

Naturally, in the territory of Yerevan (latitude 40
�
1004000N, alti-

tude 44օ3004500E) semi-desert, arid steppe and steppe landscapes
are dominated. The climate is continental. The relief is represented
by plains, foothills, plateaus and the River Hrazdan canyon. The
parent rocks of the city territory consist of volcanic lavas, tuffs, and
Quaternary sediments. The texture of the soil contained rubbly
loam in a humic horizon. The soil profile is enriched by carbonates,
and there is gypsum in the bottom lifts, indicating lack of processes
of leaching of mineral substances in the deep horizons. This last
process is conditioning the accumulation of heavymetals in the soil
layer (Saghatelyan, 2004).
l samples in Yerevan territory.



Table 2
Average concentrations of heavy metals in Urban Soils (AUS) (mg/kg) (Alekseenko
and Alekseenko, 2014), Maximum Acceptable Concentrations (MAC) (mg/kg) (RA
Government, 2005) and the percent of topsoil samples which exceeded MAC values.

Elements AUS Mean/AUS MAC Mean/MAC >MAC (samples, %)

Ti 4758 0.86 e e e

Fe 22,300 1.63 e e e

V 104.9 0.86 150 0.6 0.3
Mn 729 1.06 1500 0.5 0.2
Ba 853.12 0.50 e e e

Co 14.1 0.97 e e e

Mo 2.4 1.08 132 0.01 0.2
Pb 54.5 2.01 65 1.7 54.1
Cr 80 1.53 90 1.3 82.7
Zn 158 1.66 220 1.2 40.5
Ni 33 1.88 80 0.8 16.5
Cu 39 2.65 132 0.8 14.4
As 15.9 0.05 10 0.08 0
Hg 0.88 0.13 2.1 0.05 0

Table 1
Descriptive statistics of heavy metal concentrations in topsoil (mg/kg) in the city of Yerevan, their Background values (BV), Coefficients of Variation (CV) and Pollution indices
(PI).

Elements Mean Median SD Min Max CV, % BV Pollution indexb PI > 1, %

mean min max

Ti 4115 41.3 529 2169 6835 12.9 4646.6 0.9 0.5 1.5 13.7
Fe 36,400 36,726 4252 17,936 71,853 11.7 38,304.0 1.0 0.5 1.9 30.8
V 90.3 91 11.6 48.6 168 12.8 45.8 2.0a 1.1 3.7 100
Mn 776 775 112 401 2036 14.5 788.0 1.0 0.5 2.6 43.0
Ba 428 420 64.3 265 1070 15.0 407.8 1.1 0.6 2.6 61.6
Co 13.7 13.7 1.63 6.9 23.9 11.9 15.6 0.9 0.01 1.5 9.0
Mo 2.59 1.08 15.3 0.106 421 590 1.75 1.5 0.1 240.5 20.4
Pb 110 70.8 231 2.50 5524 210 4.8 22.9 0.5 1150.9 99.9
Cr 122 114 64.2 25.7 1522 52.6 71.1 1.7 0.4 21.4 95.4
Zn 262 194 765 41.9 26,736 292 78.4 3.3 0.5 341.0 92.9
Ni 61.9 60.1 50.6 3.64 1640 81.8 30.4 2.0 0.1 53.9 92.5
Cu 103 68.2 185 25.9 3635 179 40 2.6 0.6 90.9 95.6
As 0.776 0.749 0.234 0.052 4.89 30.1 0.69 1.1 0.1 7.1 72.0
Hg 0.115 0.117 0.050 0.005 0.270 44.0 0.017 6.8 0.6 15.9 89.0

a By bold are marked values of pollution indexes greater than 1.
b Pollution index is the ratio of the mean concentration of element in the topsoil to the background values.
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2.2. Topsoil sampling

Sampling was done in the urban area of Yerevan between
JuneeAugust of 2012. In total, 1356 topsoil (0e5 cm) samples
(Fig. 1) were collected. Topsoil sampling, quality assurance, and
quality control (QA/QC) of field works were done according to the
SOPs (Standard Operation Procedure) developed based on meth-
odological guidelines (Darnley et al., 1995; Revich et al., 1982; Saet
et al., 1990) and international ISO (Fomin and Fomin, 2001; ISO,
2005), US EPA (US EPA, 1999) standards. Sampling mainly was
carried out using a 0.25 � 0.25 km grid (16 sample per 1 km2, M
1:25000) (Fig. 1) and in some areas (roads, buildings, dumping sites
and cemeteries) by 0.5 � 0.5 km grid (4 samples per 1 km2, M
1:50000). A stainless steel hand auger was used. From each sam-
pling grid 3e5 randomly collected subsamples were mixed thor-
oughly to obtain a bulk sample, which stored in polyethylene bags
and transported to the laboratory. Soils were air-dried, homoge-
nized and sieved (<2 mm), milled according to ISO-11464 (ISO,
2006) and then stored in sealed bags until analysis.

2.3. Analytic methods and QA/QC

The total concentrations of 14 elements (Ti, Fe, Co, Ba, Mn, V, Pb,
Zn, Cu, Ni, Cr, Mo, Hg and As) in 1356 topsoil samples were deter-
mined by X-ray fluorescence spectrometry (EDXRF X-5000) (Innov-
X Systems, 2003; US EPA, 2007) and AAnalyst 800 AAS PE, USA in
the Central Analytical Laboratory of CENS accredited by ISO-IEC
17025.

Accuracy error (1.1e15.7%) and precision (0.4e6.3%)
(Tepanosyan et al., 2016) of analysis were determined by estimating
Relative percent difference (RPD%) of duplicate samples and
Percent difference (PD%) (Cicchella et al., 2008; US EPA Method
6200, 2007) of standard reference materials such as NIST 2711a
and NIST 2710a obtained from the National Institute of Standards
and Technology of the USA.

2.4. Statistical treatment and geochemical mapping

Descriptive statistics of studied heavy metals are summarized in
Table 1. The normality of data was checked using Kolmogorov-
Smirnov and Shapiro-Wilk normality tests. To identify outliers
and extreme values, as well as to observe data distribution box-
plots of heavy metals were created using SPSS 20. Element con-
centrations below the detection limit observed for Ni, As, Mo and
Hg 4.1%, 0.8%, 1.4% and 11%, respectively, and a value 1/2 of the
detection limit were given theme as proposed by Reiman et al.
(2008). To study the relationship of the riskiest element with the
other studied heavy metals and identify its possible sources, prin-
cipal component analysis (PCA) and cluster analysis (CA) were
performed (SPSS 20). As environmental data are usually strongly
right-skewed and are characterized by the existence of outliers
(Reiman et al., 2008), raw data were transformed using centred
logratio transformation (CoDaPack, 2017) and standardized to the Z
score before PCA and CA. Heavy metals with low communality
values (<0.5) were excluded from PCA.

Geochemical mapping is a key task in any urban geochemical
study. It is highly recommended because city administration is
mainly interested in revealing of “hot spots” (Johnson et al., 2011).
In this study, growing-dot maps were created to reflect the spatial
distribution of each topsoil sample EF values and to visualize areas
of heavy metals accumulation. The size of dots in themaps grows in
proportion to the element EF values. The ArcGIS 10.1 software was
used for the mapping and spatial analysis of the data. For the risk
level mapping, color surface maps were created using IDWmethod
(the power - 2, the number of neighboring samples - 12) which is an
interpolative method and accurately identifies the overall spatial
pattern (Preston et al., 1996) of data. Also, growing-dot maps of risk
levels were created to visualize risk from all samples, as some
samples with high values surrounded by low-risk values are not
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reflected in the color surface maps.

2.5. Pollution index

To assess heavy metals pollution levels, the Pollution index (PI)
(Revich et al., 1982; Saet et al., 1990; Sun et al., 2010) was
calculated:

PI ¼ Ci=Cb; (1)

inwhich: Ci is the concentration of an ith element in topsoil sample,
while Cb is background value of the target element (Tepanosyan
et al., 2016).

2.6. Enrichment factor

To assess quantitative levels of anthropogenic input of heavy
metals into urban topsoils, Enrichment Factor (EF) was calculated.
This method is widely used in many similar research studies (Chen
et al., 2014; Covelli and Fontolan, 1997; Hu et al., 2013; Huang et al.,
2014; Johnson et al., 2011). EF is standardization of concentration of
target element in topsoil sample by the reference element. As a
reference, local background values (Tepanosyan et al., 2016) were
used. From common proxy elements (Al, Fe, Ti, Sr, etc (Chen et al.,
2014).) used, Ti was chosen for the calculations:

EF ¼ ðCi=CTiÞ=ðBi=BTiÞ; (2)

inwhich: Ci is the concentration of an ith element in topsoil sample,
CTi is the concentration of Ti in the same sample, Bi and BTi are
reference values of ith element and Ti, respectively. EF � 1 indi-
cating that the element has a natural origin. EF also can be used to
assess pollution by heavy metals, particularly EF was classified as
deficiency to minimal enrichment (EF < 2), moderate enrichment
(2 < EF < 5), significant enrichment (5 < EF < 20), very high
enrichment (20 < EF < 40), and extremely high enrichment
(EF < 40) (Lu et al., 2009).

2.7. Human health risk assessment

Prior to the characterization of risks, total concentrations of
trace elements observed in the topsoils of Yerevan were compared
with the soil screening levels (SSLs) (RAIS, 2017; US EPA, 2016)
considered as safe by the US EPA for people living in residential
areas.

Human health risk assessment (non-carcinogenic and carcino-
genic) was done, and as a preferential exposure pathway of
Table 3
The calculated values of Enrichment factor (EF) and percent of topsoil samples included

Elements EF Samples (%)

mean max min SD EF < 2

V 2.24 4.21 1.55 0.22 7.7
Cr 1.95 25.93 0.48 1.11 68.8
Mn 1.12 2.30 0.68 0.13 99.8
Fe 1.08 2.14 0.81 0.10 99.9
Co 1.00 1.75 0.66 0.11 100.0
Ni 2.35 66.01 0.09 2.08 37.2
Cu 2.95 115.15 0.70 5.33 50.4
Zn 3.82 417.33 0.71 11.73 30.5
As 2.30 13.35 0.12 0.84 36.7
Mo 1.72 269.06 0.05 9.98 90.8
Ba 1.20 3.18 0.60 0.22 99.5
Hg 7.89 26.84 0.24 4.00 11.0
Pb 26.41 1253.59 0.64 53.20 0.2

a EF > 10 indicates that heavy metals have an anthropogenic origin.
potentially toxic elements for humans, soil ingestion was chosen.
The latter may be the outcome of different human behaviors such
as, in particular for children, mouthing, eating dropped food,
directly consuming soil or dust. Special cases of soil ingestion are
so-called “soil-pica” and geophagy (Bierkens et al., 2011).

In this study non-carcinogenic risk assessment was done for Hg,
Pb, As, Ni, Cu, Zn, Mo, Cr, Co, Mn, Ba, and V. The following equations
were used for calculations of non-carcinogenic risk levels (RAIS,
2017):

CDIchildren=adults ¼ ðC � EF � ED� IRS� CFÞ=ðAT � BWÞ; (3)

HQi ¼ CDIi
.
RfDi; (4)

HI ¼
Xn

i¼1
HQi: (5)

where: CDI is the chronic daily intake of metal; C is the element
concentration in soil (mg/kg), EF - exposure frequency: 350 day/
year; ED-exposure duration: 30 years for adult (US EPA, 1989a,
1989b) and 6 years in the case of children (RAIS, 2017); IRS id the
ingestion rate: 100 mg/day�1 for adults and in the case of children
200 mg/day�1; AT (average time) (AT ¼ 365 � ED) (RAIS, 2017), BW
(average body weight, kg): 70 kg for adults (US EPA, 1989a, 1989b)
and 15 kg in the case of children (RAIS, 2017).

The carcinogenic risk was assessed only for arsenic which has a
defined cancer slope factor. The carcinogenic risk was estimated as
individual lifetime cancer risk using following equations (RAIS,
2017):

CDIcanc ¼ ðC � IFS� CFÞ=ðAT � LTÞ; (6)

CRi ¼ CDIi
.
SFi; (7)

where: IFS is the ingestion rate-age adjusted: 40,000 mg/kg (US
EPA, 1989a, 1989b); CF is the Conversion factor: 10�6 kg/mg; LT is
the lifetime duration: 70 years (US EPA, 1989a, 1989b).

In the case of non-carcinogenic risk, HQ/HI > 1 means that
adverse health effect could be expected, while with HQ/HI < 1,
there is no possibility of adverse health effect (US EPA, 1989a,
1989b). For characterization of carcinogenic risk levels, the
following classification was used: very low (<10�6), low
(10�6e10�5), medium (10�5e10�4), high (10�4e10�3), and very
high low (>10�3) (Rapant et al., 2010).
in EF levels for each heavy metal studied.

2 < EF < 5 5 < EF < 20 20<EF<40 EF>40 EF > 10a

92.3 0.0 0.0 0.0 0
30.5 0.7 0.1 0.0 0.22
0.2 0.0 0.0 0.0 0
0.1 0.0 0.0 0.0 0
0.0 0.0 0.0 0.0 0
61.6 1.2 0.1 0.1 0.29
40.7 8.6 0.7 0.4 2.51
52.9 16.4 0.7 0.2 2.58
62.1 1.2 0.0 0.0 0.15
6.2 2.5 0.5 0.4 1.70
0.5 0.0 0.0 0.0 0
2.8 85.0 1.1 0.0 23.08
11.7 48.8 35.8 13.6 70.87



Table 4
Mean, minimal and maximal children's noncarcinogenic risk values of Hazard
quotients (HQch) and Hazard index (HIch) in Yerevan.

Elements Mean Max Min Number of
samples
(HQch/HIch > 1)

Hg 9.52E-03 2.16E-02 3.60E-04 e

Pb 4.01E-01 2.02Eþ01 9.13E-03 72
As 3.31E-02 2.08E-01 2.22E-03 e

Ni 3.95E-02 1.05Eþ00 2.33E-03 1
Cu 3.30E-02 1.16Eþ00 8.28E-03 1
Zn 1.11E-02 1.14Eþ00 1.79E-03 1
Mo 6.62E-03 1.08Eþ00 2.71E-04 1
Cr 5.20E-01 6.49Eþ00 1.10E-01 28
Co 5.83E-01 1.02Eþ00 2.94E-01 1
Mn 4.13E-01 1.08Eþ00 2.14E-01 1
Ba 2.73E-02 6.84E-02 1.69E-02 e

V 2.31E-01 4.30E-01 1.24E-01 e

HIch (ƩHQch) 2.31Eþ00 2.21Eþ01 1.09Eþ00 1356
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3. Results and discussion

3.1. Heavy metals concentrations and pollution indexes in Yerevan
topsoil

The mean, minimum, maximum, standard deviation, as well as,
local background values and PI's of studied heavy metals are shown
in Table 1.

The Kolmogorov-Smirnov and Shapiro-Wilk tests of normality
showed that all investigated heavy metals were neither normally
nor lognormally distributed. The latter is due to the presence of
outliers and extreme concentrations (Supplementary materials
Fig. 2) which can be the result of manmade activities. Neverthe-
less, for Cr, Ba, Mn and Co, data within lower and upper hinges
displayed approximately normal distribution (Supplementary
materials Fig. 2).

Relatively low mean, minimum and maximum values of PI of Ti
(0.9; 0.5e1.5), Fe (1.0; 0.5e1.9), Mn (1.0; 0.5e2.6), Co (0.9; 0.01e1.5)
and Ba (1.1; 0.6e2.6) (Table 1) were observed in the studied topsoil.
These heavy metals' Coefficient of Variation (CV) were 12.9%, 11.7%,
14.5%, 11.9% and 15.0%, respectively, and PI > 1 in 13.7%, 30.8%,
43.0%, 9% 61.6% of all samples, correspondingly. The latter could be
the result of less accumulation time and a lower rate of accumu-
lation. Examination of V (2.0; 1.1e3.7), As (1.1; 0.1e7.1), Cr (1.7;
0.4e21.4 and 1.7), Ni (2; 0.1e53.9), Mo (1.5; 0.1e240.5), Cu (2.6;
0.6e90.9), Zn (3.3; 0.5e341.0), Hg (6.8; 0.6e15.9) and Pb (22.9;
0.5e1150.9) mean, minimum and maximum PI values and CV's
(12.8%, 30.1%, 52.6%, 81.8%, 589.7%, 179.0%, 292.0%, 44.0% and
210.0%, respectively), showed that these heavy metals may have
come from anthropogenic sources. In addition, V, As, Cr, Ni, Mo, Cu,
Zn, Hg and Pb have PI > 1 in 100%, 72%, 95.4%, 92.5%, 20.4%, 95.6%,
92.9%, 89.0%, 99.9% of all samples, suggesting their relation to in-
dustrial, vehicular or other sources of origin. The mean values of PI
of studied heavy metals decreasing in order of
Pb » Hg > Zn > Cu > Ni,V > Cr > Mo > As,Ba > Fe,Mn > Co,Ti.

The comparison of V, Mn, Mo, Pb, Cr, Zn, Ni, Cu, As, Pb and Hg
concentrations with national legal requirements (RA Government,
2005) (Table 2) showed that only contents of As and Hg do not
exceed corresponding MAC's. V, Mn and Mo concentrations
exceeded their MAC values only in 4 (0.29%), 3 (0.22%) and 3 (0.22%)
samples respectively. Pb, Cr, Zn, Ni and Cu concentrations were
greater than their MAC values in 54.1%, 82.7%, 40.5%, 16.5% and
14.4% of all samples respectively.

The mean concentrations exceeding the MAC decreases in the
following order: Pb > Cr > Zn > Cu,Ni > V > Mn > As > Hg > Mo,
while based on the number of MAC exceeded samples:
Cr > Pb > Zn > Ni > Cu > V > Mn > Mo.

Collation of heavy metal mean values with Average concentra-
tions of heavy metals in Urban Soils (AUS) (Table 2) (Alekseenko
and Alekseenko, 2014) showed that Ti, V, Ba, As and Hg mean
concentrations in Yerevan topsoil were less than their AUS values
with 0.86, 0.86, 0.5, 0.05 and 0.13 times respectively. For Mn, Co and
Mo, AUS values were approximately equal to the Yerevan topsoils
mean values, while Fe, Pb, Cr, Zn, Ni and Cu exceeded AUS 1.63, 2.01,
1.53, 1.66, 1.88 and 2.65 times correspondingly. The mean contents
vs. AUS decreases in the following order:
Cu > Pb >Ni > Zn > Fe > Cr >Mo >Mn > Co > V > Ti > Ba >Hg > As.

Overall, according to the mean series of PI, MAC and AUS Pb, Cu,
Zn and Ni are the primary pollutants of Yerevan's territory topsoils.

3.2. Heavy metals enrichment in Yerevan topsoil and their
contamination levels

EF values of each heavy metal were calculated for each topsoil
sampling point. The EF mean, maximum and minimum values of
heavy metals and percent of samples in each EF level are given in
Table 3. The spatial distributions of heavymetals with significant EF
values are shown in Supplementary materials Fig. 3. The EF ranges
from1.55 to 4.21with amean of 2.24 for V, 0.48e25.93with amean
of 1.95 for Cr, 0.68e2.30 with a mean of 1.12 for Mn, 0.81e2.14 with
a mean of 1.08 for Fe, 0.66e1.75 with a mean of 1.00 for Co,
0.09e66.01 with a mean of 2.35 for Ni, 0.70e115.15 with a mean of
2.95 for Cu, 0.71e417.33with amean of 3.82 for Zn, 0.12e13.35with
a mean of 2.30 for As, 0.05e269.06 with a mean of 1.72 for Mo,
0.60e3.18 with a mean of 1.20 for Ba, 0.24e26.84 with a mean of
7.89 for Hg, and 0.64e1253.59 with a mean of 26.41 for Pb. The
mean values of EF decrease in following order:
Pb > Hg > Zn > Cu > Ni > As > V > Cr > Mo > Ba > Mn > Fe > Co.

The EF values of Co in all studied topsoil samples, the EF values
of the Fe in 99.9%, Mn in 99.8%, Ba in 99.5%, Mo in 90.5%, and Cr in
68.8% of topsoil samples are <2 indicating that these elements
displayed minimal enrichment in the topsoil of Yerevan. The halves
of Cu topsoil samples have EF values less than 2. Cr and Cu were
moderately enriched in 30.5% and 40.7% of topsoil samples,
respectively. From this two only Cu mean value belongs to the
moderately enriched level.

The mean EF values of V, Ni, Zn, and As, and 92.3% EF of V, 61.6%
EF of Ni, 52.9% EF of Zn, and 62.1% EF of As were between 2 and 5,
showingmoderate enrichment. Themean EF and 85% EF of Hgwere
between 5 and 20, revealing significant enrichment. The mean EF
and 35.8% of Pb were between 20 and 40, suggesting very high
enrichment, while 13.6% EF greater than 40 showed extremely high
enrichment. The EF values of Pb < 2 and between 2 and 5 were 0.2%
and 48.8%, respectively. Although, 90.5% of Mo topsoil samples had
<2 EF values from Supplementary materials Fig. 3 it is evident that
topsoil samples with >2 EF values are spatially focused in industrial
southern part of the city near Mo concentrate smelting and pro-
cessing plants.

EF values of Cu, Ni, and Cr with very high and extremely high
enrichment mainly are located in the historically industrial
southern part of the city. Significant, very high and extremely high
levels of enrichment were mosaically distributed (Supplementary
materials Fig. 3) in whole city area for Pb, which is true also for
Hg and Zn indicating their origination from mixed anthropogenic
sources.

The EF and PI results highlight the need for human health risk
assessment to delineate areas where observed concentrations of
studied heavy metals may have possibilities to become risk factors
to human health.



Fig. 2. Children's non-carcinogenic risk of Pb and Cr in Yerevan territory.
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3.3. Human health risk assessment

3.3.1. Children's and adults non-carcinogenic risk in Yerevan
Before the assessment of non-carcinogenic and carcinogenic

risk, the total concentrations of studied heavy metals were
compared with SSLs of metals for residential dwellers (US EPA,
2016). The observed mean concentrations were lower than SSLs
for all studied heavy metals for the non-carcinogenic case. How-
ever, Co, Mn, Ni, Cu, Zn andMo concentrations exceeded SSLs in one
sample per each, while Cr and Pb exceeded SSLs in 2.43% and 3.39%
of samples, respectively. The latter substantiates the need for risk
characterization by the estimation of the potential impact of the
contents of the elements on the severity of their effect and the level
of exposure.



Fig. 3. Children's and adults multi-elemental non-carcinogenic risk in Yerevan territory.
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Children's health non-carcinogenic risk was calculated based on
Hg, Pb, As, Ni, Cu, Zn, Mo, Cr, Co, Mn, Ba and V concentrations in the
topsoil of Yerevan (Table 4). The mean and minimal hazard quo-
tients (HQch) of all metals, and the maximumHQch of Hg, As, Ba and
V were less than 1. HQch > 1 was for maximum values of Pb, Ni, Cu,
Zn, Mo, Cr, Co, and Mn. Moreover, for Ni, Cu, Zn, Mo, Co and Mn
HQch > 1 were observed only in 1 samples for each metal, while Pb
and Cr HQch > 1 was detected in 5.31% and 2.06% of topsoil samples.
The results of health risk estimation (non-carcinogenic and
carcinogenic risk) were transformed intomap form (Figs. 2e4) both
dot and surface maps.

The spatial distribution of Pb and Cr children's non-carcinogenic
risk levels are illustrated in Fig. 2. Lead posed no adverse health
effect (HQch < 1) to children in 96.2% of Yerevan's territory, while in
remained 3.8% HQch of Pbwas greater than 1. Moreover, in two sites
(4466.2mg/kg and 5524.4mg/kg) located in eastern part of the city,



Fig. 4. Arsenic carcinogenic risk levels in Yerevan territory.
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and one site (1953.1 mg/kg) in the western part HQch > 6 was
observed indicating the high possibility of Pb adverse health effect
for children.

In the case of Cr HQch < 1 was in 98.8% of the territory of Yerevan
(Fig. 2) suggesting no risk for children's health, while in 1.2% of city
area Cr adverse health effect for children was detected.

Mean HQch's values of children's non-carcinogenic risk
decrease in the following order
Co > Cr > Mn > Pb > V » Ni > Cu,As > Ba > Zn > Hg > Mo (Table 5).

Children's non-carcinogenic risk from multiple elements (HIch)
was greater than 1 in all territory of Yerevan indicating (Fig. 3 and
Table 4) the possibility of adverse health effect for children in the
whole city.

Table 5 showed adults non-carcinogenic risk assessed based on
Hg, Pb, As, Ni, Cu, Zn, Mo, Cr, Co, Mn, Ba and V concentrations in
Table 5
Mean, minimal and maximal adults noncarcinogenic risk values of Hazard quotients
(HQad) and Hazard index (HIad) in Yerevan.

Elements Mean Max Min Number of
samples
(HQad/HIad > 1)

Hg 9.83E-04 2.31E-03 4.28E-05 e

Pb 4.29E-02 2.16Eþ00 9.78E-04 2
As 3.54E-03 2.23E-02 2.37E-04 e

Ni 4.23Ee03 1.12Ee01 2.50Ee04 e

Cu 3.53Ee03 1.24Ee01 8.87Ee04 e

Zn 1.19Ee03 1.22Ee01 1.91Ee04 e

Mo 7.09Ee04 1.15Ee01 2.90Ee05 e

Cr 5.57Ee02 6.95Ee01 1.18Ee02 e

Co 6.24Ee02 1.09Ee01 3.15Ee02 e

Mn 4.43Ee02 1.16Ee01 2.29Ee02 e

Ba 2.93Ee03 7.33Ee03 1.82Ee03 e

V 2.47Ee02 4.60Ee02 1.33Ee02 e

HIad (ƩHQad) 2.47Ee01 2.37Eþ00 1.17Ee01 4
Yerevan topsoil samples.
Adults non-carcinogenic risk (HIad > 1) was observed in 0.12%

(0.25 km2) of city territory and included four sampling sites (Fig. 3
and Table 5), located in eastern - 2, 1 - in southern and 1 - in the
western parts of the city.

In summary, children's health non-carcinogenic risk vs. adults
was significantly high. Similar results were observed in other
studies also (Chabukdhara and Nema, 2013; Grzetic and Ghariani,
2008; Wu et al., 2015).

3.3.2. Arsenic carcinogenic risk
Arsenic concentrations in Yerevan topsoils were higher than

those considered safe (SSLs) in 42.8% of all samples. Arsenic carci-
nogenic risk values range 1.2 � 10�7e1.2 � 10�5, with the mean of
1.8 � 10�6 and belong to the low level of carcinogenic risk. More-
over, the low level of As carcinogenic risk (Fig. 4) was observed in
99.8% territory of Yerevan city. The medium level of As carcinogenic
risk was found only in one sampling site located in thewestern part
of the city.

The carcinogenic risk of As (>10�6) through ingestion pathway
such as in Yerevan was also observed in Alcala de Henares, Spain
(Pe~na-Fern�andez et al., 2014), Dongguan, China (Wu et al., 2015),
Songchun mine area, Korea (Lee et al., 2006).

Detailed inspection of Figs. 2e4 and Supplementary materials
Fig. 3 showed that increased risk levels both non-carcinogenic
and carcinogenic were observed in practically every area with the
highest level of pollution by Pb, Zn, Cu, Mo, Ni and Cr.

3.3.3. Identification of Pb riskiest contents sources
According to the results of human health risk assessment, Pb

was the riskiest element in the city soils. In 72 sampling sites, its
contents pose a risk to children. Thus, these 72 sites were separated
from thewhole database, and PCA and CAwere performed to reveal
the relationship of Pbwith the othermetals and identify its possible



Table 6
Factor loadings for varimax rotated PCA of heavy metals data for 72 risky sites ac-
cording to contents of Pb which pose a risk to children.

Heavy metals Component

1 2 3 4

Ti 0.900 �0.186 0.232 0.220
V 0.965 �0.002 0.023 0.129
Cr 0.013 0.114 0.777 0.217
Mn 0.880 �0.168 0.177 0.232
Fe 0.737 �0.386 0.187 0.450
Co 0.711 �0.453 0.181 0.412
Ni �0.168 0.567 0.589 �0.065
Cu �0.764 0.307 �0.059 0.156
Zn �0.161 0.899 0.088 0.004
Mo �0.376 0.117 �0.705 0.199
Ba 0.873 0.221 �0.306 �0.110
Pb 0.185 �0.005 0.024 0.774
Hg 0.038 �0.670 0.021 �0.656
Eigenvalue 5.14 2.16 1.71 1.65
Variance, % 39.5 16.6 13.1 12.8
Cumulative, % 82

In bold: strong (> 0.7) and moderate (0.5e0.7) loadings.
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sources.
The results of Spearmen's correlation analysis showed that

within the 72 sampling sites Pb significantly correlates only with
the contents of Fe, Co, Ti, V, Mn (p < 0.01) and Ba (p < 0.05).

Source identification of Pb contents in 72 risky sites was done by
multivariate analysis such as PCA and CA (Reiman et al., 2008). The
Kaiser-Meyer-Olkin measure of sampling adequacy (0.78) and
Bartlett's test of sphericity (p < 0.001) stated PCA suitability for the
analysis of the data set. In this study, the contents of arsenic were
excluded from PCA as its communality value (0.095) was very low.
According to the PCA results in four groups having eigenvalues
greater than 1 (PC1-5.14; PC2-2.16; PC3-1.71 and PC4-1.65). The
eigenvalue of the fifth component was 0.80. Varimax rotation re-
sults of the four components are shown in Table 6 and the 3D
loading plot of PC1, PC2 and PC3 is presented in Fig. 5. PC1, PC2, PC3
and PC4 explained the 82% of the total variance.

PC1 (39.5% of the total variance) includes Fe, Co, Ti, V, Mn and Ba
has strong (>0.7) positive loading. The latter and the fact that EF
Fig. 5. 3D plot (left) of factor loadings for rotated components and Hierarchical
mean values of Fe, Co, Mn, and Ba showed deficiency to minimal
enrichment and V moderate enrichment, suggesting the natural
origin of these elements in 72 sampling sites. Besides, the strong
negative loading of Cu in the PC1 indicating that Cu supposed to
have an anthropogenic origin. In the PC2 (16.6% of the total vari-
ance) moderate positive loading of Ni and strong positive loading of
Zn inferred the same sources of these elements while moderate
negative loading of Hg is indicating that Hg sources differ from
those in the case of Ni and Zn. Ni showedmoderate positive loading
also in PC3 (13.1% of the total variance) inwhich Cr also has a strong
positive loading. Meanwhile, PC3 includes also Mo with a strong
negative loading. The previous studies (Saghatelyan, 2004;
Tepanosyan et al., 2016) stated that high contents of Mo in the
area of Yerevan had an anthropogenic origin. Therefore, the con-
tents of Cr has a natural, while Ni has a mixed origin. PC4 (12.8% of
the total variance) includes Pb with a strong positive loading and
Hg having moderate negative loading, suggesting different sources
of these elements. The presence of Pb in a separate factor suggested
a unique source of its origin. Based on the results of previous
studies (Saghatelyan, 2004; Saghatelyan et al., 2003; Sahakyan,
2006) the main source of Pb pollution was leaded gasoline,
ceased in Armenia in 2001. Thus, the latter and the fact that Pb
showed a significant correlation with the elements in the PC1
indicating that the contents of Pb in the 72 riskiest sites are the
outcome of the redistribution of historically polluted soils. More-
over, the redistribution took place linked to the element in the PC1
as it is known that (Bradl, 2005) the presence of Fe and Mn oxides
play a predominant role on Pb adsorption in soils and the main
minerals forming Pb ion sorption complexes are goethite, ferrihy-
drite, hematite, birnessite. The results of PCA verified by the CA
(Fig. 5). Particularly, the first cluster includes Fe, Co, Ti, V, Mn and Ba
in one subcluster, and Pb in the second subcluster.

The contents of Pb in the 72 riskiest sites are linked to the his-
torical pollution indicating the absence of remediation actions in
historically polluted areas. Therefore, we recommend the using of
phosphate amendments as an efficient in situ chemical immobili-
zation technique for Pb, and for the other heavy metals as well.
Moreover, as an economically and widely available inorganic P
source, apatite can be used to effectively decrease the mobility and
bioavailability) of Pb in contaminated soils of the city of Yerevan.
cluster analysis (right) of heavy metals in the topsoil of Yerevan (n ¼ 72).
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4. Conclusion

The mean series of PI, MAC and AUS showed that the primary
pollutants of Yerevan's territory topsoils are Pb, Cu, Zn and Ni.
Moreaver, according to the PI and EF, Pb, Zn, Cu, Cr, Ni, Mo, As, V and
Hg concentrations has a significant contribution from anthropo-
genic sources of pollution. Moreover, very high and extremely high
enrichment of Cu, Ni, Mo, and Cr is spatially located in the histor-
ically industrial southern part of Yerevan, while significant, very
high and extremely high levels of Pb, Hg, and Zn enrichment was
mosaically distributed throughout the whole territory of the city.

From all studied elements Pb and Cr showed the significant
amount of samples having concentrations exceeding both MAC's
(54.06% and 82.67%) and SSL's (3.39% and 2.43%) values, corre-
spondingly. Also, Zn, Ni, and Cu concentrations exceeded MAC
values in 40.49%,16.45% and 14.38% of topsoil samples and SSLs in 1
sample per each element, respectively. A number of samples with
both MAC's and SSL's exceeded concentrations are high for Pb and
Cr.

Human health risk assessment suggested that As showed low-
level carcinogenic risk in the whole area of the city. Adult's non-
carcinogenic risk was observed only in 0.12% territory of the city.
Children's non-carcinogenic risk assessment revealed that in entire
city topsoil's heavy metals are risk factors for children's health. The
riskiest element compared with others was Pb. The detailed in-
spection of Pb contents in the riskiest sites showed that it is linked
to the historical pollution.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.chemosphere.2017.06.108.
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