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Abstract Groundwater is a finite resource in Davar-
zan region which is located between the ophiolite
complex mountain in the north and salty playa at the
south. The water samples were analyzed to assess
the origin of groundwater pollution and explain links
between the disturbed heavy metals composition
of the earth’s surface and the human health risks.
The main heavy metal pollutants in the groundwater
are Cr, Fe, As and Pb ions. In general, the ground-
water salinity and some elements such as Cr and As
are increased along with surface topography and
groundwater flow directions from the northern ophi-
olite highlands recharge area to the adjacent desert
discharging zone in the south. Despite the ophiolite
complexes being the most enriched in Cr element,
the lowest Cr concentration in the groundwater was
measured near the ophiolite area, which is in the
range of its discharged springs. Based on the ground-
water conceptual pollution model, bedrock geochem-
istry controls the composition of soil and hence that
of groundwater. The Cr samples show a direct rela-
tion with the EC value indicating that intrusion of
salinity from the salt pan is probably another reason
for the increased Cr concentration. The results of
health risk assessment indicated that the groundwater
suffered from significant contamination and if used
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for long-term without pre-treatment may pose serious
health risks to human population via drinking water
and irrigation of agricultural fields. This is the first
attempt to apply hydrogeological setting along with
the source of pollution and its health risk in a desert-
ophiolitic area.
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Introduction

Groundwater is an important source in most arid
and semiarid regions of the world and is the main
source of water for various uses (Abiye, 2016; Healy
& Scanlon, 2010; Kotchoni et al., 2019; Long et al.,
2021; Manghi et al., 2009; Scanlon et al., 2006; Xing
et al., 2013) Recently, with the increase in popula-
tion and demand for water, a limited amount of the
non-polluted water resources are available to humans
(Burritt & Christ, 2018; Santana et al., 2020). The
agriculture, energy production, industry and mining
activity are the main agents of elevated heavy metals
concentration in surface and groundwater (Santana
et al., 2020). The groundwater contamination mainly
contributes to the geological conditions, groundwater
flow direction, topographic features and hydrological
processes (Adewoyin et al., 2019).

Heavy metals with stable condition in the envi-
ronment are toxic to the human body (Wang et al.,
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2021). The contamination of water resources with
heavy metals due to toxicity, persistence and biologi-
cal accumulation of these pollutants poses real risks
to aquatic environments and human health (L6pez
et al., 2019; Reis et al., 2019; Santana et al., 2020).
The heavy metals such as Cd, Cr and As can damage
the human nervous system, digestive system and skin
glands and may lead to diseases such as headache,
joint pain, abnormal liver function, kidney and cancer
(Mukherjee et al., 2021; Pratush et al., 2018; Singh
et al., 2018; Wang et al., 2021; Xu et al., 2019; Yang
& Massey, 2019). Many researchers have focused on
the spatial distribution and hazards of heavy metal
pollutants in groundwater (Alam et al., 2016; Ali
et al., 2019; Emenike et al., 2018; Jain et al., 2010;
Wu & Sun, 2016; Xie et al., 2012; Zhang et al., 2018).

The human activities, meteorological and hydro-
geological conditions are controlled the groundwa-
ter quality in semiarid alluvial aquifer with a criti-
cal environmental concern (Kaur et al., 2020). The
Davarzan plain is characterized by arid and semiarid
climate where located in the west of Khorasan Razavi
province in northeastern Iran. Groundwater resources
are important as the main sources of drinking and
irrigation water for local residents in the Davarzan
area. In this geographical area, no research has been
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done so far on heavy metal contamination in ground-
water and also no researches are available on the risk
of heavy metals in groundwater to human health. The
main reasons of the study in this area are the geologi-
cal setting with ophiolitic complex near the salt pan
and then most probable leaching of heavy metal from
rock/topsoil into the groundwater.

Based on this, the objectives of this research are:
(1) to investigate the content and special distribution
characteristics of trace elements in the groundwater
(2) to determine the origin of heavy metals and (3)
to assess the potential human health risks of ground-
water in the area. Multivariate statistical analysis was
used to identify the sources of contaminations in the
target areas of Davarzan plain, north of Iran. The
results of this study can provide a scientific reference
for groundwater resource management, heavy metal
pollution control, and ensuring drinking water safety
in the area.

Study area description
The Davarzan plain with an unconfined aquifer is

located in the west of Khorasan Razavi province
in northeastern Iran (Fig. 1). Davarzan city with
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Fig. 1 Geological map of the study area representing Davarzan aquifer, the groundwater iso-potential contours and the sampling

points. The elevation of springs ranged from 1638 to 2261 m.a.s.1
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a population of about 22,000 is the main residen-
tial area in this region. The alluvial deposits of the
plain contain valuable groundwater resources, which
is stretched in shape along the approximate trend of
E-W (Fig. 1), covering an area of about 703 Km?. The
iso-potential map of Davarzan aquifer shows that the
highest groundwater levels are present in the north-
ern part and the lowest level in the central and south-
western areas of the plain. The surface of the plain
slopes from the northwest and west to the southeast,
which is closely, aligned with surface and groundwa-
ter flow directions. The aquifer is mainly recharged
from northern ophiolite highlands with maximum
height of 2920 m above mean sea level. The gen-
eral groundwater flow direction is from northeast to
southwest of the area and discharges into the adjacent
desert (Fig. 1). The northern heights of the Davarzan
plain are part of Sabzevar ophiolite mélange (SOM),
(Mazhari & Attar, 2015). The main lithological units
in the Davarzan area can be divided into two groups
of Eocene rocks and the main ophiolite unit. Eocene
rocks are often composed of andesitic to basaltic
lavas and alternating beds of marl, sandstone and tuff
limestone.

Ophiolite units are distributed in the northern part
of Davarzan plain and include various peridotites and
serpentinites (Moghadam et al., 2015). The different
springs are discharged from the ophiolite units with
elevation of 1638 to 2261 m.a.s.l. Surface water is
limited to seasonal rivers flowing from the northern
heights during the rainy season (from winter to early
spring) and the groundwater aquifer is the only source
of water for various uses in this arid region. The aqui-
fer is being discharged by 185 deep and semi-deep
wells which are used for irrigated agriculture, indus-
trial and drinking purposes. The average annual tem-
perature, precipitation and evaporation for a period of
20 years (from 2002 to 2022) are 18.2 °C, 142 mm
and 2824 mm, respectively.

Materials and methods

Sample collection and analysis

Groundwater was sampled from 26 representa-
tive pumping wells and 4 springs during a survey

in August 2021 (Fig. 1). The electrical conductivity
(EC), temperature (T) and pH were measured in situ

by portable EC Meter-AQ Lytic SD-320 and pH
Meter AQ-Lytic SD-300, respectively. Before sam-
pling, the bottles were washed with distillated water.
Water samples were collected in 1000-mL dark PVC
bottles after pumping out the standing water in the
casing of the well. All samples were immediately fil-
tered through acid-treated Millipore filters (0.45 pm
mesh, disposable not reusable) into pre-cleaned pol-
yethylene-terephthalate (PET) bottles. The filtered
samples were acidified to pH <2 with ultra-purified
6 mol/L HNO; to prevent metal precipitation. The
samples were preserved at about 4 °C and immedi-
ately transferred to the Laboratory in Iran to deter-
mine the heavy metals concentration (As, Ba, Cr,
Cu, Fe, Ni, Pb, Zn) by ICP-MS method. The limits
of instrumental detection, accuracy, and precision of
the data analysis (QC/QA measures) are provided in
Table 1.

Geospatial analysis

Mapping and interpolation of groundwater param-
eters data was performed using ArcGIS software,
using inverse distance weighted (IDW) option, based
on a linear combination of closely related values.
The weighted average in the IDW method is distance
between the interpolation point and the discrete point
(Gong et al., 2014). Before that, sampling wells and
parameter concentrations were represented by point
shape file (vector) and converted to raster through
interpolation.

Table 1 Limits of detection, accuracy error and precision of
water samples analysis

Elements Unit Detection limit  Accuracy  Precision
error (%)  *(% RPD)
As pg/l 1 1 42
Ba pg/l 1 2 35
Cr pg/l 1 1 5.1
Cu pg/l 1 3 3.1
Fe pg/l - 0.01 23 9.3
Ni pg/l 1 1.2 5.7
Pb pg/l 1 1 4.6
Zn pe/l 1 1 34

* The precision was calculated as %RPD (relative percent dif-
ference) by the following formula: %RPD=[abs (SV-DV)
/0.5%(SV+DV)]x 100, where SV was the value of the origi-
nal sample and DV was the value of the duplicate sample
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Heavy metal concentration data were also treated by
multivariate statistical method of principal components
analysis (PCA) in order to identify the main factors
affecting groundwater pollution of the Davarzan aqui-
fer. It is necessary to transform the compositions prior
to standard statistical analysis such as PCA regarding
the compositional nature of the data (Aitchison, 1986).
The current study utilized the centered log-ratio trans-
formation (clr), mathematically expressed as:

X
clr(x) = <1n —’) with g(x) = {/x;., ... xp
i=1,...D

{69

or in a compact way clr(x) =1In(x/g(x)), where the log
ratio of the vector is applied component-wise (Van den
Boogaart & Tolosana-Delgado, 2013). In this equation,
x represents the composition vector, g(x) is the geomet-
ric mean of the composition x, and D is the number of
parts of compositional data. All statistical calculations
were conducted with software R (R Core Team, 2016)
and its package “compositions” (Van den Boogaart
et al., 2014). The generated compositional biplots were
interpreted based on the rules recommended by Dau-
nis-i-Estadella et al. (2006) and Van den Boogaart and
Tolosana-Delgado (2013).

Heavy metal pollution index (HPI)

Heavy metal pollution index (HPI) was used to assess
the total groundwater pollution with heavy met-
als which depends on numerous factors such as unit
weight of a metal (Wi) and prescribed standard per-
missible limits (Si) for each metal. HPI can be calcu-
lated using the following equation:

" W.0,
HPI = —Z’ij i<
Zi=1 Wi

where W, denotes the unit weight of the i; parame-
ter metal (computed as: 1/Si) (Hoaghia et al., 2019;
Prasad & Bose, 2001), Q, is the sub-index of the ith
parameter, and » is the number of heavy metals meas-
ured. Q; is expressed as follows:

)

n .
|Mi—]l|

0,=) —— %100 )
,Z‘ Si—1;

where M, is the value measured for the iy, heavy metal
and Ii is the ideal permissible limit for the iy, heavy
metal and Si is the standard permissible value.
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According to HPI results, the pollution cat-
egories are classified in three grades as follows:
low (HPI<50), medium (HPI: 50-100), and high
(HPI> 100) contamination (Bhuiyan et al., 2010).

Human health risk assessment

Health risk assessment is performed to assess the
health risk of a person due to exposure to a factor by
estimating the possibility of adverse effects on the
human body (Qiao et al., 2020). The two groups of
heavy metals of Cr, Cd, As and B, Mn, Fe, Co, Ni,
Cu, Zn, Ba, and Pb ions are classified as carcino-
genic and non-carcinogenic pollutants, respectively,
according to the International Agency for Research
on Cancer (IARC) (Agency, 1996). In this study, the
carcinogenic risk assessments were used to determine
Cd, Cr and As ion contents in samples, while non-
carcinogenic risk assessments were applied to check
other metals.

- Non-carcinogenic health risk assessment

The non-carcinogenic health risk assessments were
calculated by evaluating the chronic daily intake
(CDI) and the hazard quotient (HQ). The CDI was
calculated as follows:

(C % IR # EF % ED)

CDI =
(BW * AT @)

where CDI signifies the average dose contacted
through ingestion, C is the mean value of the studied
metals, IR denotes intake rate of water; 2, 1 and 0.75
L/day for an adult, child, and infant, respectively, the
frequency to pollutants (EF) was taken as 365 days/
year, ED represents the exposure duration, which was
taken as 30 years (Adeyemi & Ojekunle, 2021), BW
signifies the average body weight in kg; 60, 10 and
5 kg for an adult, child and infant, respectively, and
AT is the time of exposure to the pollutants, which
was taken as 30 years X 365 days/year (Ayedun et al.,
2015). The hazard quotient (HQ) was calculated as
follows:
CDI

HQ = RFD (@]
where RfD is the oral reference dose. The HQ value
higher than 1 is the probability of non-cancer causing
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impacts on human health. HQ value under 1 shows
that the ingestion of groundwater would not possibly
have any consequence on the occupants (Joel et al.,
2018).

- Carcinogenic health risk assessment

Prolonged consumption of water contaminated with
heavy metals increases the risk of cancer in humans.
Therefore, assessing the carcinogenic risks to health
is very important (Long et al., 2021). The carcino-
genic potential of contaminated groundwater (C) was
evaluated by multiplying the ingestion amount of
each metal (CDI) by the cancer potency factor of that
particular metal (SF) according to following equation
(Kaur et al., 2020).

C = CDI * SF 5)

An index value beyond the maximum acceptable
level of the carcinogenic health risk index recom-
mended by ICRP of 5x 107 indicates a high poten-
tial of carcinogenic health risk (Long et al., 2021).
The flowchart of the study area is done to arrange and
briefly explain all the main activities that have been
carried out throughout the research. Figure 2 shows
the flowchart of research methodology.

Results and discussions

Geochemical surveys of EC and heavy metals

The heavy metals concentrations, pH and electrical
conductivity (EC) values in the groundwater samples

of the Davarzan aquifer are listed in Table 2. The pH
of the samples varies from 8 to 8.6. The pH values

Fig. 2 The flowchart of

research methodology | Dataeelaciion |

| Background studies | | Geological studies

|

A 4

L]

Hydrogeological framework of the aquifer

Iso-potential map
Groundwater flow direction

| Field work and groundwater sampling |

!

| Sample preparation and analysis |

|

| Heavy metal and salinity measurements |

!

|

PCA analysis

General Hydro-pollution e Classification of Davarzan aquifer in HPI

Spatial distribution of EC
Spatial distribution of metals
Geospatial analysis

e Non-carcinogenic Health Risk
e Carcinogenic Health Risk

! '

e Human Health Risk Assessment
e Groundwater pollution origin
e Schematic chemo-pollution evolution of the Davarzan plain

!

Understanding human health hazards and hydrogeology of an
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in the aquifer indicate the slightly alkaline nature of
the water in general. The EC is used to characterize
groundwater circulation. The EC values of the col-
lected samples vary from 300 puS/cm at the recharge
zone in the north to 3500 pS/cm in the southwest
of the aquifer. In general, an increase of the EC is
observed from the recharge area to the aquifer outlet

in accordance with the direction of the groundwater
flow (Fig. 3).

The average heavy metals concentration in the
groundwater of the area was in the order of: Cr>Fe >
As>Ba>Pb>Zn>Cu>Ni (Table 2). Among them,
Cr is the main heavy metal, and its content ranges
from 32 to 277 pg/L, with an average of 145 pg/L.

Table 2 Heavy metal concentrations in groundwater samples and HPI indicators

Sampling EC pH T (C°)  Heavy metal concentrations (ug/l) HPI
point pS/em As Ba Cr Cu Fe Ni Pb Zn

W1 577 8.84 183 29.2 27.46 67.82 115 170 2.39 37.97 2572 67.88
w2 2600 8.10 18.6 41.85  78.08 7724 25.69 110 12.15 1541 10.98 66.85
W3 1300 875 172 26.78  47.29 123 14.64 530 3.48 17.34 1245 86.71
w4 1976 838 169 39.16  90.34 126 9.25 40 6.61 2479  7.25 95.79
W5 1215 861 17.8 4239 3562 100 8.63 547 4.5 2293  12.86 88.52
W6 1515 845 182 2974 121 141 7.43 80 5.34 5293 18.11 111.82
w7 2620 8.10 19.1 4777 428 175 8.42 100 10.7 1548 17.49 116.98
w8 2005 8.61 17.7 53.16  45.79 232 6.63 70 1324 2886 6.9 160.51
W9 433 920 173 3405 21.15 7842  4.08 20 0.5 1879 1 66.80
W10 430 940  20.1 40.78  20.74 68.21 2.86 20 0.8 2079 3.14 66.41
Wil 649 885 193 3324 13.89 32.09 495 70 4.6 20.03 345 43.72
w12 2040 830 193 46.7 44.59 186 9.86 60 53 1424 745 124.00
w13 2760 8.40 19.1 4239 2334 277 9.13 90 6.63 1528 4.23 169.44
w14 4510 8.60  20.1 5423 2785 202 14.47 160 13.77 1279  12.12 135.50
W15 2660 8.50 197 4347  24.56 255 6.12 80 6.81 13.14  9.65 155.25
W16 2700 855 183 58.81  26.95 271 4.72 40 5.38 18.38  4.78 177.28
W17 2130 8.58 182 5827  20.11 252 11.7 300 9.6 9.55 6.67 166.03
W18 2560 857 19.7 53.43 428 81.56  10.7 80 6.71 1438  8.08 76.14
W19 2300 820 179 56.12  28.18 115 6.21 50 6.94 20.66 12,51 96.46
W20 1722 8.45 18.8 45.62  37.12 155 6.84 60 6.4 19.69  5.57 111.88
W21 1113 8.65 18.8 4212 38.02 154 6.64 20 227 1438 143 102.27
w22 2180 853 195 52.35  19.78 122 7.97 40 7.26 21.14 278 101.15
w23 1720 857 18.8 49.12  29.94 117 9.96 80 7.61 19.34 443 95.50
W24 1320 830 17.2 433 34.13 136 14.47 210 327 1459  3.06 100.67
W25 820 8.10 19.1 40.51 32.04 114 3.61 40 1.37 16.24  1.29 87.24
W26 3455 830 192 48.04  48.18 126 11.01 240 391 20.66 229 97.96
S1 37.01 14.73 19.85 3.5 0.03 3.02 16.86  1.81

S2 38.09 10.96 3092 494 0.05 5.21 27.34 298

S3 3271 5.37 9.05 2.96 0.06 4.11 11.62  3.29

S4 3324 937 20.20  3.66 0.09 2.27 13.07 1.82

Si 50 700 50 1500 300 70 50 15,000

Ii 10 50 20 10 5000

Wi 0.02 0.0014  0.02 0.00067  0.0033 0.014 0.02 0.0001

WHO 10 1300 50 2000 300 70 10 4000

Si: Standard permissible value (ug/l); Ii: Highest desirable value (ug/l); WHO: guidelines for drinking water quality; Wi: Unit

weightage
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Totally, the average value of heavy metals concentra-
tions varies from less than 6 to more than 145 pg/L
in the groundwater samples. The average concentra-
tion of As, Cr, Fe and Pb elements is higher than the
WHO standard values for drinking waters.

The inverse distance weighted method (IDW) for
spatial interpolation in ArcGIS was employed to
determine the spatial distributions of heavy metals
(Fig. 4). The Fe, Ba, Pb, Cu and Zn metals have an
increasing trend from the east to the west of Davarzan
aquifer, while As and Cr ions represent an increasing
trend from north to the south region. Nickel metal has
the lowest concentration compared to the other ele-
ments in groundwater samples and does not have a
regular trend.

Correlations of the heavy metals were evalu-
ated using Pearson correlation coefficient, and their

significances were established at 95% confidence
level (Table 3). The highest correlations are related
to lead and zinc (0.60), lead and barium (0.58), arse-
nic and nickel (0.54), arsenic and chromium (0.50),
arsenic and lead (0.46), copper and nickel (0.45) and
chromium and nickel (0.42). The strong correlation
values are aligned with the spatial distribution of
heavy metals. In the following, the spatial distribution
of the dominant elements and possible sources in the
study area is discussed.

- Copper (Cu)

The Cu concentration varies from 2.86 in the north-
east to 25.69 pg/L in the northwest of the aquifer,
with an average concentration of 9.13 pg/L, which
is much lower than WHO reference values. Copper
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«Fig. 4 Spatial distribution of heavy metals in Davarzan aquifer

is a chalcophile element found in ultramafic rocks,
basalts, intermediate rocks and granites (Vincent,
1974). Among sedimentary rocks, black shale has the
highest average of copper value (McLennan & Mur-
ray, 1999). In general, the concentration of copper
element in all parts of the study area is very low com-
pared to other elements, because of lack of copper-
rich rocks in the recharge area.

- Iron (Fe)

Iron is one of the most abundant metals in earth’s
crust. The range of iron element in natural fresh
waters varies from 0.5 to 50 pg/L. The iron concentra-
tions in the groundwater samples of Davarzan aquifer
range from 20 to 547 pg/L with an average of 127.19.
Its concentration is almost less than WHO standard,
except in the western part of the aquifer (Fig. 4). The
iron metal mainly originates from andesite-basalt
rocks occurring in the northwest of the study area

(Fig. 1).
- Nickel (Ni)

The Ni concentration (in pg/l) ranges from 0.5 to
13.7 in Davarzan aquifer (Table 2), which is less
than WHO standard. Nickel element could exist in
dissolved form in groundwater according to the pH
and Eh conditions (Vallée, 1999). In natural environ-
ment, groundwater has generally very low nickel ion
value (Bernard et al., 2008) and its main geological
source is Ultramafic rocks (Kudelasek, 1971). In the
Davarzan aquifer, there is a small amount of nickel
that does not be dispersed regularly. However, most
concentrations of Nickel are measured in the south-
eastern and northwestern parts of the aquifer (Fig. 4).
The outcrop of Ophiolite complex in northern part
of Davarzan plain can be the most important source
of nickel element in the groundwater samples of the
area.

- Lead (Pb)
The concentration of Pb ranges from 9.55 to

52.93 pg/l, and its average is 19.99 g/l (Table 2).
The average concentration of lead in groundwater

samples is higher than the safe limit provided by
WHO. The highest concentration of lead is measured
in the western part of the aquifer, where the Davarzan
city is located (Fig. 4). Therefore, due to existence of
sewage wells (anthropogenic source) and also out-
crop of the limestone and sandstone units (terrestrial
source) (Fig. 1) in the northern part of the area can be
the most important sources of enhancing lead concen-
tration in the groundwater samples of this area.

- Zinc (Zn)

The Zn concentration varies from 1 in the east of
aquifer to 25.72 pg/l at the west of aquifer (Table 2).
The amount of zinc element in the all groundwater
samples is much lower than WHO standard. Nev-
ertheless, similar to lead ion, the highest amount of
Zinc element was observed in the western part of
Davarzan aquifer (Fig. 4). Since lead and zinc gener-
ally have the same geological source, the presence of
limestone and sandstone units in the northwest of the
aquifer (Fig. 1) probably leaches lower zinc concen-
tration into the groundwater along with lead ion.

- Barium (Ba)

The Ba concentration ranges from 13.89 to 121 pg/L
(Table 2) with an average of 39.30 pg/L. Barium con-
centrations in the all groundwater samples are less
than WHO standard. The highest concentration of
barium is measured in the western part of the aquifer
(Fig. 4). Barium exists as a trace element in both the
igneous and sedimentary rocks (Mokrik et al., 2009).
The outcrop of andesite-basalt rocks in the northwest
of the Davarzan aquifer (Fig. 1) can be the most prob-
able source of increasing barium ion concentration in
this area.

- Chromium (Cr)

The amount of Cr ranges from 32 to 277 pg/L, and
its average is 145 pg/L (Table 2), which is the domi-
nate heavy metal element in the area in comparison
to the others. The concentration of chromium in the
Davarzan aquifer is higher than WHO standard val-
ues, which is similar to other ultramafic and ophiolitic
environment in the world (Chrysochoou et al., 2016;
Emsley, 2011; Nriagu & Nieboer, 1988). Among geo-
logical formations, ultramafic rocks and serpentine
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Table 3 Linear' correlation EC pH As Ba Cr Cu Fe Ni Pb 7n

coefficient matrix for heavy

metals analyzed EC 1 -05 062 009 055 037 000 071 -028 021
pH 1 -031 -035 -028 -036 002 041 —0.13 —0.18
As 1 -031 050 002 019 054 046 021
Ba 1 -009 032 000 016 058 036
Cr 1 —007 -—004 042 -024 —0.09
Cu 1 039 045 -0.16 029
Fe 1 002 005 032
Ni 1 -0.14  0.07
Pb 1 0.60
Zn 1

in ophiolite complexes are the most enriched ones in
Cr element (Ozeet al., 2007; Vasileiou et al., 2019).
The measured Cr concentration in the ophiolite com-
plex at the northern part of Davarzan plain was var-
ied from 2340 to 7754 mg/kg (Shojaat et al, 2003).
The higher concentration of hexavalent chromium
(Cr(VI)) in soils, sediments, and groundwater is mainly
attributed to weathering of ultramafic and ophiolitic
rocks (Chrysochoou et al., 2016; Fantoni et al., 2002).
The soil samples of Davarzan plain have geogenic
Cr concentration of 700 to 1400 mg/kg. The sedi-
ment of salty pan at the southern part of the area also
most probably has been linked to the occurrence of
elevated concentrations elements such as Cr ion.
Chromium is found in natural waters in both trivalent
(Cr**) and hexavalent (Cr®") states. Cr’>* is insoluble
and immobile in an alkaline and oxidative environ-
ment, while in comparison, Cro* is mainly soluble
and mobile in such conditions (Sharma et al., 2008).
Chromium in groundwater is usually present in hexa-
valent form (Cr%"), such as the study area (Kotas &
Stasicka, 2000; Sperling et al., 1992; Vasileiou et al.,
2019). The distribution concentration map of Cr is
shown in Fig. 4. High concentrations of Cr were dis-
tributed over the whole studied area. The ophiolite
complex, leaching from topsoil and salt pan, is the
main probable origin of elevated Cr ion in the area.
Chromium was demonstrated to occur naturally
in waters and soils during dissolution and weath-
ering of rocks, especially in ophiolitic zones. The
Cr concentration of the discharged spring from the
ophiolite complex of the area was about 35 pg/L.
The lowest Cr concentration in the groundwater
was measured near the ophiolite area in the north-
ern part of the plain, which is in the range of the
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discharged springs. It can be concluded that the
groundwater in the recharged area with lower resi-
dence time has the lower Cr concentration. Gener-
ally, an increasing trend of the Cr concentration is
observed from the recharge area to the aquifer outlet
in accordance with the groundwater flow direction
(Fig. 5). The highest concentration of chromium is
in the southern part of the Davarzan aquifer (Fig. 5).

The Cr can be released in the groundwater of
the area mainly through dissolution of its minerals
in the groundwater flow path and also the leaching
from topsoil during the direct recharge and agricul-
tural return water, too. They are the most important
natural sources of chromium entry into bodies of
groundwater.

The occurrence of salty playa in the southern
margin of the plain may be the other possible source
of a few elements in the groundwater samples of
the area. Figure 6 shows the relationships between
the Cr ion concentrations and the EC values of
the groundwater samples. The Cr samples show
a direct relation with the EC value indicating that
salinity is probably the cause for the increased Cr
concentration.

Salinity can affect the mobility of some heavy
metals. An increase in ionic strength by any salts
promoted a higher release of Cr in the groundwater.
Due to the invasion of saline water from this area
into the aquifer, there is a possibility of intrusion
of some elements in this part of the aquifer. The
hypothesis needs to be further investigated. Also,
a few metal concentrations may enter the aquatic
environment during the cation exchange process
due to increasing salinity in the southern part of the
plain.
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Fig. 5 The iso-Cr distribution map of Davarzan aquifer, showing a general increasing trend from the north to the south
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Fig. 6 Relation between the Cr compositions and the EC val-
ues of the water samples

- Arsenic (As)

The arsenic (As) concentration in the groundwa-
ter samples varied from 26.78 to 58.81 with a mean
value of 44.331 pg/L (Table 2), which is higher than

the WHO’s guideline value. The phosphate fertilizers,
phosphate sediment and shale are the most common
natural sources of dissolved arsenic element in the
water (Jayasumana et al., 2015; Lin et al., 2016). As
shown in Fig. 7, the highest As ion concentration is
measured in the southern part of the Davarzan aqui-
fer, where there is a focus on agricultural activities
and pumping wells (Fig. 7). Therefore, agricultural
return waters containing toxins and phosphate ferti-
lizers can be the main cause of pollution in this area.

The principal component analysis (PCA)

In order to determine the origin of the studied ele-
ments, multivariate statistical method of princi-
pal component analysis (PCA) was used. Principal
components analysis was used to determine the
relationship between physicochemical parameters
in the water samples. PCA is used to reduce com-
plex and numerous datasets into a smaller number
of components, while maintaining the information
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Fig. 7 The iso-As distribution map of Davarzan aquifer, showing a general increasing trend from the north to the south

content. The compositional biplot generated from
PCA on clr-transformed heavy metal data is pre-
sented in Fig. 8. The two main components have
been determined based on the total variances. The
first component with a justification of about 36%
of the total variances is the most important compo-
nent studied and influencing changes in heavy metal
concentrations. The first feature that emerges from
the biplot is the association of the variable vectors
of As, Cr and Ni on one side, and Ba, Zn, Cu, Pb
and Fe on the other part. The first group (As, Cr and
Ni) is probably coherent with the geochemical reac-
tions responsible for release of these elements into
the groundwater along with the agricultural activ-
ity in the area. Short links between arrow heads of
Zn, Cu and Fe represent proportional constituents
commonly originating from weathering of ophiolite
outcrops. Pb is also included in the second groups
with geogenic origin. The results of the PCA analy-
sis confirm the main role of anthropogenic and geo-
genic activities in Davarzan region.
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Groundwater conceptual pollution model

Based on the above results, the conceptual model
of the groundwater pollution in Davarzan plain was
investigated (Fig. 9). The springs and adjacent alluvial
aquifer is mainly recharged from a nearby ophiolitic
complex area and to a lesser with direct recharge and
agricultural return water. The heavy metal, especially
Cr and As elements, is added to the groundwater of
the area mainly through these recharged mechanisms
and leaching from topsoil. They are the most impor-
tant natural sources of the metals entry into bodies of
the groundwater. Also, due to the invasion of saline
water from this area into the aquifer, there is a pos-
sibility of intrusion of some elements in this part of
the aquifer.

Heavy metal pollution index (HPI)
Heavy metal pollution index (HPI) is a method for

ranking the combined effect of each heavy metal on
the overall quality of water (Sheykhi & Moore, 2012).



Environ Geochem Health (2023) 45:4025-4042

4037

Fig. 8 Biplot of the heavy PCA - Biplot
metals composition in the
area
5=
<
<
& 10
o~ L
E O—-mmmmmem e
(&)

To calculate the HPI of the groundwater samples in
the area, the concentration of selected metals (As, Br,
Cr, Cu, Fe, Ni, Pb and Zn) is considered (Table 2).
In the HPI index, weights (W) between 0 and 1 were
assigned for each metals. Details of the calculations
of HPI with unit weightage (W)) and standard permis-
sible value (Si) are shown in Table 2. According to
the HPI values, the groundwater samples were clas-
sified in to two groups of medium (HPI=50-100)
and high (HPI>100) contamination (Bhuiyan et al.,
2010). The HPI value in the sample numbers of W1,
W2, W3, W4, W5, W9, W10, W18, W19, W23,
W24, W25 and W26 was less than 100, and in the
remained samples, it was more than 100. The spa-
tial distribution map of the HPI value is presented in
Fig. 10. The HPI value of the collected samples var-
ies from 50 to 100 at the recharge zone in the north-
ern to more than 100 in the southwest of the aquifer.
In general, an increase of the HPI is observed from
the recharge area to the aquifer outlet aligned with the
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groundwater flow and increasing salinity trend. The
higher HPI value in most parts of the aquifer is rep-
resentative of high risk of groundwater that cannot be
used for drinking. In other parts of the aquifer with
HPI values below the critical pollution (100), it is
indicative of low-risk water that is suitable for human
consumption.

Human health risk assessment
Non-carcinogenic health risk assessment

The results of non-carcinogenic health risks assess-
ment of metals across different age groups (adults,
children, and infants) are summarized in Table 4. The
non-carcinogenic health risk assessments were calcu-
lated by evaluating the chronic daily intake (CDI) and
the hazard quotient (HQ). The HQ values for heavy
metals except As and Cr ions were less than 1 in the
adult age group.
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HQ values for Cr and As ions in adults were 1.4
and 4.2, respectively. For the age class of children, in
addition to the HQ of As and Cr metals, the HQ of
Pb was more than 1 (14.8, 4.8 and 1.4 for As, Cr and
Pb, respectively). HQ values for infants in As, Cr and
Pb metals increase to 22.2, 7.2 and 2.1, respectively
(Table 4). If the HQ is greater than 1, heavy metals
may be associated with a potential non-carcinogenic
risk (Giri & Singh, 2015) (Qiao et al., 2020). Thus,
the high values of HQ observed in As, Cr and Pb can
lead to non-cancerous diseases in the Davarzan area
for all age groups (adults, children and infants).

Carcinogenic health risk assessment

Estimation of carcinogenic health impacts from As,
Cr, Ni and Pb (Table 5) revealed that concentration
of these metals, except Pb (which is only in adults),
is relatively high to have carcinogenic health impacts
on the consumers of groundwater in Davarzan area.
According to Table 5, the arsenic risk index is 1.9E-
03 for adults, 6.6E-03 for children and 1.0E-02 for
infants. Chromium risk index for adults, children and
infants is 1.7E-01, 6.1E-01 and 9.2E-01, respectively.
The nickel risk index is 1.5E-04 for adults, 5.1E-04
for children and 7.6E-04 for infants. The lead risk

index for adults, children, and infants is 2.4E-05,
8.4E-05, and 1.3E-04, respectively. Based on the
above results, almost, the average groundwater cancer
risk index in the Davarzan aquifer is more than the
ICRP limit (5 107°) for all age groups; except for Pb
ion which is lower than the ICRP limit only in adults.
An index value beyond the maximum acceptable level
of the carcinogenic health risk index recommended
by ICRP of 5x107 indicates a high potential of
carcinogenic health risk (Long et al., 2021). There-
fore, there is a potential for cancer in all age groups
of groundwater users including adults, children and
infants at the study area.

Conclusion

The present study was conducted to investigate the
origin of heavy metals of the groundwater samples
in Davarzan region, northeast of Iran. Furthermore,
the study was aimed to ascertain potential health
risk of heavy metal concentrations to local popu-
lation. The average heavy metals concentration in
the groundwater of the area was in the order of Cr
>Fe>As>Ba>Pb>7Zn>Cu>Ni, among which
the average concentration of As, Cr, Fe and Pb ele-
ments exceeds standard limits recommended based on

Table 4 Standard values

of R/D. and CDI and HQ Metal (mg/L) Mean RfD (mg/(kg*day)) CDI HQ

values for non-carcinogenic Adult  Child Infant Adult Child Infant

potential of the groundwater

in the study area As 0.044 0.0003 0.00127 0.00443 0.00665 4.2221 4.7772 2.165
Ba 0.039 0.2 0.00112 0.00393 0.00589 0.006 0.020 0.029
Cr 0.146 0.003 0.00416 0.01456 0.02183 1.386 4.852 7.278
Cu 0.009 0.04 0.00026 0.00091 0.00137 0.007 0.023 0.034
Fe 0.127 0.3 0.00363 0.01272 0.01908 0.012 0.042 0.064
Ni 0.006 0.02 0.00017 0.00061 0.00091 0.009 0.030 0.045
Pb 0.020 0.0014 0.00057 0.00200 0.00300 0.408 1.428 2.142
Zn 0.009 0.3 0.00026 0.00092 0.00138 0.001 0.003 0.005

Table 5 Standard values of SF and carcinogenic potential of the groundwater in the study area

Metal (mg/L) Mean RfD (mg/(kg*day)) CDI HQ

Adult Child Infant Adult Child Infant

As 0.044 0.0003 0.00127 0.00443 0.00665 42221 47772 2.165

Cr 0.14642 0.00416 0.01456 0.02183 1.7E-01 6.1E-01 9.2E-01

Ni 0.006 0.84 0.00017 0.00061 0.00091 1.5E-04 5.1E-04 7.6E-04

Pb 0.020 0.042 0.00057 0.00200 0.00300 2.4E-05 8.4E-05 1.3E-04

@ Springer



4040

Environ Geochem Health (2023) 45:4025-4042

WHO'’s guidelines. The Fe, Ba, Pb, Cu and Zn metals
ions have an increasing trend from the east to the west
of Davarzan aquifer, while As and Cr ions, aligned
with the groundwater flow and salinity, have the
north—south increasing trend. In general, an increase
of the HPI is observed from the recharge area to the
aquifer outlet, which is representative of high risk of
groundwater that is not suitable for potable water. The
northern heights of Sabzevar ophiolite and southern
salty desert playa along with agricultural activities
have most destructive effects on the quality setting
of Davarzan crucial aquifer, which lead to increased
health risks. Among carcinogenic substances, Cr, As
and Pb metals have the highest carcinogenic risk and
non-cancerous diseases in the Davarzan area for all
age groups, which are close to the maximum accepta-
ble risk value. It is necessary to pay high attentions to
the dynamic changes of Cr, As and Pb contents in the
groundwater. Thus, the groundwater sustainable man-
agement is an effective way to control and mitigate
the risks of groundwater pollution in the future. It is
recommended to apply the comprehensive methods
developed in this study to crucial aquifers with a dete-
riorating water quality, in order to prevent and con-
trol salinity and heavy metal pollution to reduce the
human health hazards associated with heavy metals in
the groundwater that pose threats to the environment.
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