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Abstract

The groundwater resources of mining areas have been in a challenging condition in terms of metal pollution and human health.
Therefore, this study investigated the concentration of cobalt (Co), molybdenum (Mo), selenium (Se), tin (Sn), and antimony
(Sb) in groundwater samples (wells, ganats, and springs) in a heavily contaminated mining district, South Khorasan, Eastern
Iran. Human health risk of the studied metals to target groups was assessed, and water quality of the studied groundwater was
investigated in the study area. A total of 367 sampling sites (279 wells, 74 qanats, and 14 springs) in South Khorasan Province
were selected to collect the groundwater samples from June to July 2020. Sampling was performed thrice for each sampling
point, and hydrochemical parameters were evaluated using a portable multiparameter. Inductively coupled plasma mass
spectrometry (ICP-MS) was used to detect the metal concentrations. Results showed an order of Se>Mo > Sn > Co > Sb, and
hazard index (HI) demonstrated a warning condition for south of South Khorasan (drinking application), southwest of South
Khorasan (Irrigation application), and east and center of South Khorasan (drinking-irrigation application). Hydrochemical
parameters showed a classification of “Na+ K type” and “Mixed Ca—Mg—Cl type” with an overall group of “Na-Cl-HCO;” for
sampled waters. Ficklin-Caboi diagram depicted a classification of “near-neutral low metal,” and Schoeller diagram classified
studied groundwater as “good” for drinking and irrigation consumptions and ‘“Na-CI” type based on ion balance diagram.
Based on the correlation analysis, positive relationships were recorded among EC, TDS, C1~, Na*, sulfate, Ca®*, salt, total
hardness, Mg>*, ammonia, and K™ measured in the water samples. In essence, arid regions of the world greatly rely upon
groundwater resources for drinking and irrigation consumptions, and mining districts with a heavy load of active mines can
be a serious threat to the groundwater quality and human health.

Keywords Hazard index - Mining district - Non-carcinogenic risk - Water quality - Risk assessment - South Khorasan
Province

Introduction

Since 1990, a challenging stress has fetched freshwater
surface resources under a harsh condition to supply healthy
drinking water for human (Eman and Me$ko 2020). Such
stressors, including precipitation shortages, environmental
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pollutants, and ever-increasing water harnessing, have
reinforced governments and authorities to use other
alternatives such as groundwater sources (Njora and
Yilmaz 2021). In arid and semi-arid regions like Iraq,
Iran, Afghanistan, and Pakistan, groundwater has been a
reliable reservoir to supply drinking water (Luis and Cabral
2021). In these countries, wells, qanats, and springs have
been the most crucial ways to harness groundwater for both
drinking and agricultural purposes (Awadh et al. 2021).
Having a continuous discharge, high quality, temperature
stability, and accessibility, groundwater has always been
a reliable resource to supply water for drinking purposes
(Siebert 2021). However, anthropogenic developments
have contaminated these waters with toxic substances
(Mastrocicco et al. 2021; Nivetha et al. 2021). Such
destructive interferences have been occurring when at the
same time the demand for clean water is increasing (Piesse
2020).

Eastern Iran has suffered from the shortage of surface
water and inappropriate annual precipitation in its
watersheds and mountainous areas due to the geographical
position of these regions for not receiving sufficient
atmospheric water (Malmal and Shiri 2021). The vast
majority of these areas, including North Khorasan, Razavi
Khorasan, South Khorasan, and Sistan and Baluchestan
Province, occupied with deserts and lands with scattered
residential areas and residence (Michel and Ghoddousi
2020). Instead, mining developments and industrial
activities have extensively expanded across the Eastern
Iran (Dawoudian et al. 2021). Eastern Iran is known for
a diverse range of mines which are distributed in all parts
of the region, and it has been challenging for the residents
who have suffered from mine-polluted resources of water
(Bozorgi et al. 2020). In comparison with the last 10 years,
residential areas have been considerably extended and the
consumption of water has increased in both agricultural and
household applications (Zubaidi et al. 2020). For this, the
quality and hygiene of groundwater should be an urgent
priority for the government and hygienic organizations.

Groundwater has been the most crucial source of water
for both dinking and agriculture purposes in Eastern
Iran (Amiri et al. 2021). Qanat, known as one of the
groundwater reservoirs, is one of the ancient Iranian
inventions which was designed as a wondrous structure
to harness water based on the gravitational forces (Talebi
and Fatemi 2020). Such a great human heritage is still
essential to supply water in Eastern Iran due to its merits,
including being away from evaporation, no need for
pumping and piping system, high quality, and stability
in temperature and volume (Arefian et al. 2020). This
underground aquifer extracts groundwater from the mother
well and transfers water through horizontal channel to the
outlet where people can use harnessed water for their

consumptions (Hein et al. 2020). Wells, in addition, are
of the highly used methods for harnessing groundwater
through digging deeply on the ground (Mridha and
Rahman 2021). The depth of the wells depends largely
on the availability of water in the underground aquifer as
well as the bed rock structure (Arya et al. 2020). In terms
of the groundwater variations, spring is another type of
water resource in Eastern Iran although this topological
system is not widely available throughout the region due
to insufficient mountainous areas. The most important
reason for the formation of the spring would be karst
topography which allows the groundwater to travel from
underground to the Earth’s surface via channels caused
by dissolution of soluble rocks like limestone and gypsum
(Bogard et al. 2020). Therefore, well, ganat, and spring
have a major contribution to water supply in Eastern Iran
and the quality, quantity, accessibility, and hygiene of such
groundwater are crucial for human resided.

Metal pollution has been a striking concern throughout
the world, especially in developing countries which are under
a serious pressure in natural resources and environment for
acceleration of their development (Kumar et al. 2020; Kazemi
et al. 2022a, b; Parang and Esmaeilbeigi 2022). Since the
Industrial Revolution, human-made changes and anthropogenic
activities have considerably intruded to the environment; for
this, using impermissible and toxic materials, pesticides,
heavy metals, farming chemicals, and mining activities has
made groundwater resources at a high risk (Rajasekhar et al.
2020; Banan et al. 2022). Municipal and agricultural runoff
and effluent released into the environment can firstly pollute
the soil and, in turn, leach to the groundwater reducing the
quality of water (Kadam et al. 2021; Shirdel et al. 2020;
Behzadi Tayemeh et al. 2020). Heavy metals and metallic
contaminants can be leached from the soil to the groundwater
through diffusion, volatilization, erosion, oxidation, and
assimilation by microorganisms, and such processes depend
on the permeability, texture, and organic matter of the soil
(Colombani et al. 2020). Moreover, mining activities coupling
with weathering bed rock result in dissolution of trace elements
and heavy metals in the groundwater which in exceeding
limits could be unhealthy for consumers (Seyedi et al. 2021a,
b; Ciner et al. 2021). Trace elements, including cobalt (Co),
selenium (Se), tin (Sn), molybdenum (Mo), and antimony
(Sb) are classified as essential elements for the human body;
however, in their impermissible quantities, they can cause
many health-related problems (Veisi et al. 2021; Cannas
et al. 2020; Noreen et al. 2020). The literature has reported
numerous studies concerning the concentration of such metals
in the groundwater as well as health risk assessment (Egbueri
2020; Khalid et al. 2020; Liu and Ma 2020; Qiao et al. 2020;
Zuo et al. 2020; Long et al. 2021). Heavy metals can be
absorbed via ingestion, inhalation, and dermal exposures,
which lead to adverse health effects, including reproductive
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disorders, cancer, hypertension, gastrointestinal problems, and
neurological diseases (Esmaeilbeigi et al. 2022; Khan et al.
2020; Yakamercan et al. 2021).

South Khorasan, the study area of this research, is located
in Eastern Iran (32.8653°N, 59.2164°E), which borders
with North Khorasan, Semnan, Isfahan, Yazd, Kerman, and
Sistan and Baluchestan Provinces (Ghorbani et al. 2021).
This province has a total of 11 counties with a population
of 768,898 people (2014) and a density of 5.1/km? (Bakhshi
et al. 2019; Asadi et al 2022). As people in South Khorasan
rely seriously on the groundwater for drinking, irrigation,
industry, and domestic animals, the quality and health status
of the used water have a crucial priority in terms of peoples’
health. According to the Iranian Ministry of Industries
and Mines, there are more than 670 active mines in South
Khorasan, which were discovered and established in all parts
of the province (Shirazi et al. 2018). Chromite, dolomite,
magnesite, marmorite, basalt, silicon, lead, and copper are
some highly harvested mines in South Khorasan, which
make the soil and bed rock of groundwater more polluted
(O’Driscoll 2008). Besides, rock weathering and natural
biogeochemical processes in the soil and the Earths’ crust
exacerbate the metal leakage and release into the groundwater
resources (Esmaeilbeigi et al. 2021; Obasi and Akudinobi
2020). In addition, agricultural lands near groundwater
aquifers in South Khorasan has caused a significant heavy
metal leakage to the deepest subsoil layers due to an ever-
increasing application of chemical fertilizers and pesticides
(Wang et al. 2021a, b). Under these circumstances, this study
intended to investigate the concentration of five trace elements
(Co, Se, Mo, Sn, and Sb) as well as affective hydrochemical
parameters (21 factors) in a total of 367 groundwater resources
(wells, ganats, and springs) of South Khorasan. To date, there
have been no comprehensive study concerning a number of
groundwater samples (367 wells, qanats, and springs) in a
heavily contaminated arid and mining area. Therefore, the
main objectives of the present study were (i) to assess the non-
carcinogenic risk of contaminated groundwater with studied
metals received through oral and dermal exposure in adults
and children using zoning map method, (ii) to determine the
class of water in sampled stations using water specialized
software, and (iii) to study the potential correlations between
metal concentrations and hydrochemical parameters of
groundwater resources in South Khorasan Province.

Materials and method
Study area
The study area, South Khorasan Province, is located at

Eastern Iran, which lies between 32.5176° N latitude and
59.1042° E longitude and encompasses an area of about 151.
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193 km? (Fig. 1A). Aquifer and groundwater are abundant
in this region to supply water for a total of 11 counties con-
sisting of a population of 768.898 people. South Khorasan
is known for its unique mining resources as well as qanats
as wondrous inventions relating to ancient Iranians. Hav-
ing a heavy load of active mines, including iron, chromite,
magnesium, copper, dolomite, marmorite, potassium, barite,
and bentonite, South Khorasan has a major contribution to
the gross national product of Iran (Table. 1). Groundwater
is the main source of water in arid and semi-arid regions of
Eastern Iran. There have been different types of groundwa-
ter in Eastern Iran, including qanat, well, and spring. Such
aquifers play a pivotal role in supplying water for different
consumptions like drinking and irrigation. In terms of land
use of South Khorasan, the vast majority of this province is
occupied with range, desert, and forest (Fig. 2B). Schematic
structure of different types of groundwater resources (wells,
ganats, and springs) sampled in the study area are shown in
Fig. 2.

Sample collection and storage

A total of 367 sampling sites (279 wells, 74 ganats, and
14 springs) in the study area, including counties, plains,
and rural areas, were selected to collect the groundwater
samples from June to July 2020. The selection of sampling
sites was assigned based on the population, environmental
contaminants, industrial activities, and manufacturers.
Sampling was performed thrice for each sampling point
(1101 samples in total), and 500-ml polypropylene—labeled
bottles were used to collect samples (APHA, 2012). Before
sampling, bottles were carefully washed and rinsed with
the water of sampling sites, and after collection, a portable
multi-parameter instrument (SensoDirect 150, Lovibond,
Germany) was applied to measure a range of hydrochemical
factors in the field, including temperature (°C), pH, electrical
conductivity (EC; mS cm™1), total dissolved solids (TDS; mg
L"), and dissolved oxygen (DO; mg L™"). Finally, collected
samples were stored in the ice box until transferring them
to the refrigerator at 4.00 °C prior to starting the laboratory
analysis in the lab. In the lab, total hardness (mg L~!
CaCos), total alkalinity (mg L! CaCo,), bicarbonate (mg
L! CaCoj;), ammonium (N—NH+4; mg L_l), sulfate (502_4;
mg L1, and chloride (C1- mg L™!) were then measured
using EDTA titrimetric, titration, titration, nesslerization,
turbidimetric, argentometric methods, respectively (APHA,
2005) (Table. 2).

Sample analysis and metal concentration
Millipore filters (0.45 um) were used to remove impurities,

particles, and organic materials in the sampled waters. Few
drops of HNO; (Merck, Germany, ultra-pure grade about
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«Fig. 1 Position of South Khorasan province and sampling sites for
groundwater (qanat, spring, and well) on the map (A) and land use
map of the study area containing studied sampling locations (B)

0.5 ml pH <2) were then added to the samples to prevent
loss of metals and bacterial and fungal growth (Tiwari and
De Maio 2017). Inductively coupled plasma mass spectrom-
etry (ICP-MS) (HP-4500 USA, equipped with auto sampler
Asx-520) was used to detect the metal concentrations based
on the method outlined by Zhang et al. (2008). The cali-
bration of ICP-MS was conducted using the manufacturer’s
instructions and adjusted at maximum performance and
sensitivity. The polypropylene tubes were used to prepare
samples for injection into the ICP-MS. All the sampling bot-
tles and glassware cleaned by soaking in dilute acid (HNO;
5%) and were washed with deionized water (high purity)
prior to the experiments. Prepared samples were diluted to
an amount of 20 ml deionized water and then injected to the
ICP-MS (S¢ndergaard et al. 2015). Desirable performance
conditions for ICP-MS are presented in Table S1.

Quality control of measurement

For quality assurance of measured metal concentrations,
limits of detection (LOD) and relative standard deviation
(RSD) were examined (below 5% for all samples) using
standard methods previously reported by Ilieva et al. (2018)

and Kazemi et al. (2012) (Eq. 2). LOD demonstrated a value
of 1, 80, 0.5, 0.6, and 0.7 ng L~! for Co, Se, Mo, Sn, and Sb,
respectively, calculated based on Eq. 1.

LOD = Xbl1 + 3(Sbl) 1)

where Xb1 is the mean concentration of the blank and Sb1
is the standard deviation of the blank.

RSD = 100 x i Q)

x|
where § is the sample standard deviation and x| is the sam-
ple mean studied by analyzing the standard mixture solution
in six replicates in one day and twice a day in three consecu-
tive days, individually.

Standard limits

The concentration of studied metals and hydrochemical
parameters in 367 studied sampling points (wells, ganats, and
springs) were reported as mean, standard deviation, maximum,
minimum, and range, and compared with standard limits
released by international organizations, including the World
Health Organization (WHO), United States Environmental
Protection Agency (USEPA), Food and Agriculture
Organization (FAO), and Iran National Standards Organization
(INSO) (Table S2).

Table 1 Input values to calculate non-carcinogenic human health risk of studied metals through ingestion and dermal exposure pathways of

groundwater in both adults and children

Parameter Symbol  Unit Exposure pathways Reference

Oral Dermal
Heavy metal concentration C mg L' - - -
Daily average intake DI L day™! 2.20 - USEPA, 2004
Skin surface area SA Cm? - 18,000 adults, 6600 children ~ USEPA, 2004
Permeability coefficient K, Cm/hour - Co: 0.0004 USEPA, 2004

Se, Mo, Sn, Sb: 0.001

Exposure time ET Hour/event - 0.58 adults, 1 children USEPA, 2004
Exposure frequency EF Day year™'  365.00 350.00 Mohammadi et al., 2019
Exposure duration ED Year 71.80 6.00 Mohammadi et al., 2019
Conversion factor CF Lcm™ - 0.001 USEPA, 2004
Average body weight BW kg 60 adults, 15 children Mohammadi et al., 2019
Absorption factor ABS - 0.001 USEPA, 2004
Average time AT day 26,207 adults, 2190 children Mohammadi et al., 2019
Reference dose RfD pg/kg/day Co: 2.00E-02 1.60E-02

Se: 5.00E-03 6.00E-04
Mo: 2.00E-03 1.90E-03
Sn: 3.00E-04 4.00E-06
Sb: 4.00E-04 8.00E-06

@ Springer
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Human health risk assessment

Non-carcinogenic health risks were measured using both der-
mal and oral exposure of the groundwater in the study area.
For this, chronic daily intake (CDI), hazard quotient (HQ), and
hazard index (HI) were considered for target people as adults
and children. All the required assumptions and input values for
calculations are presented in Table 1.

Chronic daily intake (CDI)

The CDI of heavy metals was calculated using Eqs. 3 and 4 for
both oral (CDI,,,;) and dermal (CDI,,,,) adsorption of waters
to the target groups (USEPA 2004). All assumptions and input
values are given in Table 1.

CimxDI X ABS X EF X ED
BW x AT

CDI,,, (mgkg 'day™") = (3)

CimxSA XK, X ABS XET XEF XED xCF

CDlyy (mg kg™ day™) = BW X AT
“4)

Hazard quotient (HQ)

HQ is defined as a ratio between CDI of heavy metal to the
reference dose (R(D) of oral and dermal adsorption. For HQ,,;,

this ratio is between CDI,; and RfD_,; and was calculated
using Eq. 5. HQg¢ my Was calculated using Eq. 6 as a ratio
between CDI,.,.; and ReD o -

CDIL,,,
HQoral = RfD N (5)
or
CDI,
H — ermal
Qdermal RfDdermal (6)

Hazard index (HI)

The total potential non-carcinogenic health risk of heavy met-
als is defined as hazard index (HI) ascribed by USEPA for both
oral and dermal exposures to children and adults in the study
area. HI was calculated using the sum of non-carcinogenic
health risk of all studied metals through oral and dermal expo-
sure, based on Egs. 7 and 8, respectively.

HIoral = Zi:l HQora.l = HQCO + HQSe + HQMO + HQSn + HQSb
N

Hljerma = z;] HQuermat = HQco +HQs, + HQy,, + HQg, + HQg,
®)

To categorize the HI of the studied metals to humans,

a threshold value was set at 1.00, and showed that HI < 1

@ Springer



81810

Environmental Science and Pollution Research (2022) 29:81804-81829

Table 2 Hydrochemical parameters measured in different groundwater sources in the study area

Parameter Statistic Well Qanat Spring
D I D-1 D I D-1 D I D-1
Depth (m) Mean 107.20 94.09 131.78 16.00 3232 3201 - - -
SD 62.29 51.22 48.82 1.41 2952 2195 - - -
Water temp (°C) Mean 24.70 24.79 26.01 25.25 2356 2278 - 24.44 24.75
SD 2.82 2.30 5.17 0.07 2.89 3918 - 2.83 2.98
pH Mean 7.65 7.45 7.72 7.58 7.86 786 - 7.33 7.88
SD 0.28 0.26 0.28 0.35 0.38 036 - 0.19 0.24
EC (uS/cm) Mean 2.42 7.13 1.60 3.48 5.02 .11 - 8.46 0.73
SD 1.19 3.62 0.31 4.03 2.27 056 - 6.32 0.38
Salt (% weight) Mean 0.12 1.49 0.09 0.18 0.26 005 - 0.45 0.03
SD 0.06 16.60 0.04 0.21 0.11 002 - 0.34 0.018
Total hardness (mg/l CaCo;)  Mean 413.20 1076.30 331.32 658.00 776.76  308.96 - 977.40  248.25
SD 193.30 592.37 148.51 664.68 42998 14630 - 429.58 50.78
TDS (mg/l) Mean 1522.99  4506.74 103294  2230.57  3204.7  704.7 - 541322  467.64
SD 740.83  2314.70 202.62  2578.49 14414 35411 - 4044.53 24438
N-NH,* (mg/1) Mean 1.38 5.39 0.63 3.62 3.48 1.04 - 435 0.66
SD 1.95 7.56 0.45 452 3.12 1.37 - 2.99 0.41
So*~, (mg/1) Mean 359.46 1190.23 207.10 853.54 840.70 113.95 - 1597.32 66.73
SD 234.42 674.56 87.61 1050.19 482.01 79.04 - 1315.36 41.25
Total alkalinity(mg/l) Mean 298.00 219.55 248.92 144.00 300.27 260.24 - 219.80 185.25
SD 138.20 148.09 86.42 5.65 196.85 144.11 - 99.12 79.51
HCO;(mg/1) Mean 361.61 266.89 301.91 174.88 36290 313.89 - 267.47  224.38
SD 168.23 180.27 104.77 6.30 239.22  175.01 - 120.55 96.83
CI™ (mg/l) Mean 449.57 1874.79 301.31 612.89 11420 19556 - 1894.13 143.71
SD 263.92 1269.14 102.23 728.27 57347 12915 - 1394.42 114.55
Na(mg/1) Mean 376.66 1320.47 246.02 474.80 860.54 147.57 - 1520.30 88.94
SD 194.63 867.12 83.66 572.20 404.44 11016 - 1526.98 86.38
K (mg/l) Mean 10.03 18.46 5.82 7.63 18.33 565 - 39.68 3.24
SD 8.04 14.57 4.11 7.90 15.89 479 - 25.54 1.10
Ca (mg/l) Mean 47.38 175.63 46.11 66.73 98.27 4230 - 156.46 52.12
SD 24.83 125.16 23.48 32.05 71.39 19.19 - 57.88 21.18
Mg(mg/l) Mean 73.75 156.89 54.84 128.81 131.33 5092 - 147.96 27.45
SD 42.59 88.10 30.88 147.77 77.71 3412 - 80.12 5.07

D drinking, I irrigation, and DI drinking-irrigation

means no hazardous health impacts, while HI * 1 displayed
the possibility of non-carcinogenic health risks for people
considered. Then, calculated HIs were depicted using zon-
ing map to show the distribution of the cumulative risks of
heavy metals in the study area as drinking, irrigation, and
drinking-irrigation hazard index.

Hydrochemical analyses

To identify the quality, classification, and type of water
in the study area, hydrochemical analyses were conducted
using Piper triangular, Durov plot, Ficklin-Caboi, Schoe-
ller, and ion balance diagram. For this, Aq.QA software
(2015.1.14) was used and all hydrochemical parameters

@ Springer

were imported to the software for further analysis. In addi-
tion, the spatial distribution of the depth of groundwater
(wells and ganats but not springs) in the study area was
prepared to show the different levels of harvested water in
South Khorasan.

Piper triangular diagram

To characterize the type of water in the study area, piper
triangular diagram was prepared as per Piper (1944). Water
samples (qanats, wells, and springs generally as groundwa-
ter) were classified based on the hydrochemical parameters
and prominent ions (anions and cations) affecting the water
quality. This graphical diagram included two triangular
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(cations and anions) and a diamond (combination of cati-
ons and anions) showed the type of water samples using
major anions (Cl, SO,, CO;, and HCO;) and cations (Ca,
Mg, Na, and K) and represented the potential chemical reac-
tions existing in the groundwater.

Durov plot

Durov diagram (Durov, 1948) shows the possible relation-
ships and reactions between physicochemical parameters
and salinity and pH of the groundwater. This plot showed
major ion milliequivalents, and dominant cations and anions
are plotted by Aq.QA software in two different triangular
shapes in which data values are presented on a square grid.

Ficklin-Caboi diagram

To show the possible relationships between metal concentra-
tions and pH values, Ficklin-Caboi diagram was prepared
using the method introduced firstly by Ficklin et al. (1992)
and improved by Caboi et al. (1999). To do this, metal load
(ML) (mg L~!) was calculated as cumulative concentrations
of Co, Mn, Se, Sn, and Sb, according to Eq. 9.

ML (mg L'l) = Zin:]metal concentrations = C¢, + Cy;, + Cg, + Cg, + Cg

)]
where ML is the metal load (mg L™") and C is the concentra-
tion of each metal (mg L™").

Schoeller diagram

The water chemistry and quality can be represented via
Schoeller diagram which indicates a series of anions and
cations from left to the right of the diagram based on meq
L. Schoeller diagram was prepared by Aq.QA software
and used SO,, HCO;+ COj;, and Cl as anions, and Mg, Ca,
and Na+K as cations to show the dominated ions contribut-
ing to the quality and classification of water for drinking and
irrigation consumptions.

lon balance diagram

Suitability of the groundwater for domestic and irrigation
purposes was examined using ion balance plot to show the
dominant major ions in the groundwater samples. A range
of ions, including Na, Ca, Mg, SO,, and C] were considered
to classify the water, and the plot was prepared using by
Aq.QA software.

Factor analysis

Principal component analysis (PCA) was performed to
determine the major contributor hydrochemical parameters

affecting the concentration of metals as well as water qual-
ity. Variance of the factor coefficients was maximized using
Varimax rotation. Eigenvalues more than 1 were considered
as extracted factors, and the weights of component 1 versus
components 2 and 3 were compared. Component diagram in
the rotated space was prepared, and the percentage of each
component in the total variance was explained (Bodrud-
Doza et al. 2020).

Statistical analysis

In this study, descriptive statistics including average, mini-
mum, maximum, standard deviation, and the range of metal
concentrations in studied stations were calculated using
Excel 2016 software (Windows 7; 64x). In addition, chronic
daily intake (CDI), hazard quotient (HQ), and hazard index
(HI) were calculated using standard formulas defined in the
Microsoft Excel. To investigate the potential correlations
between hydrochemical parameters, Spearman’s correlation
was used and applied to show possible correlations among
measured factors, based on diverse colorful patterns. Princi-
pal component factor (PCA) was tested using SPSS software
to extract the major contributing factor. The significance
level was considered at 0.05 for all statistical analysis. Fur-
thermore, geographical images, zoning maps, and spatial
interpolation were prepared by ArcGIS (version 10.3; ESRI
Inc., Redlands CA) to obtain the spatial distribution of haz-
ard index caused by contaminated groundwater to people
considered.

Results and discussion
Groundwater hydrochemistry

Hydrochemical parameters measured in different groundwa-
ter resources (well, qanat, and spring) and different appli-
cations (drinking, irrigation, and drinking-irrigation) are
represented in Table 2 (more details presented in supporting
information, Table S3). Hydrochemical parameters, includ-
ing depth (m), water temperature (°C), pH, EC (mS/cm),
salt (% weight), total hardness (mg L! CaCos), TDS (mg
L™, N-NH,* (mg L"), So?~, (mg L"), total alkalinity
(mg L™, HCO, (mg L™"), CI” (mg L"), Na (mg L™"), K
(mg LY, Ca (mg LY, and Mg (mg LY, were measured
and reported as mean, minimum, maximum, standard devia-
tion, and range (Table. 2). Based on the findings, pH values
showed a range of 6.87 to 8.90 with a mean value of 7.64
and represented the strength of the water to react with acidic
and alkaline metals included. EC has been considered as
one of the leading hydrochemical parameters in determin-
ing the quality of water, and, in this study, results showed a
range of 0.26 to 20.90 mS/cm for groundwater in different
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applications in the study area (Table. 2). Such values for EC
were agreed with the permissible limits released by WHO
(2011) and Institute of Standards & Industrial Research
of Iran (ISIRI). Total dissolved solid (TDS) directly influ-
ences the quality of water for drinking and irrigation pur-
poses. In this research, TDS values ranged from 169.44
to 13,363.61 mg L™! throughout all sampled groundwater
resources. Na and CI concentrations represented a range
of 12.59 to 284.23 and 25.66 to 7592.95 mg L™, respec-
tively. Na* and CI~ play a crucial role in ion content and
balance of the groundwater quality and act as major con-
tributors and dominating ions in the constitution of TDS.
Indeed, Na* and CI™ are the dominating cations, and these
are directly proportional to TDS. This means that changes
in the concentration of Na*™ and CI~ can directly influence
the TDS, and in turn, salinity of groundwater (Saxena et al.
2003). In addition, spatial distribution of groundwater depth
(wells and qanats), showing different harvested levels of
water in the study area, is depicted in Fig. 3. Based on the
findings, the deepest groundwater resources with a depth
from 108.80 to 133.30 m were in the west and east regions
of the South Khorasan, representing the massive water
extraction in these parts of the study area. This is because

in east and west areas of South Khorasan, the groundwater
aquifers located in the deepest part of the ground due to
the shortage and/or lack of discharging surface waters into
the underground reservoirs. In contrast, wells and ganats
levels with a depth from 52.02 to 84.80 m were distrib-
uted mostly in the south, center, and north of the study
area where the underground reservoir situated in the lower
levels of the land. Wu et al. (2020) reported that the greatest
concentration of arsenic detected in higher depth (> 100)
as they claimed the deeper wells at 41-90 m and above
90.00 m showed As mean concentrations of 51 and 123 pg
L~!, respectively. Detected metal concentrations and hydro-
chemical parameters were compared with the international
and national standards (WHO, 2011; USEPA 2012; FAO,
1985; and INSO 1997). According to the standards, TDS in
studied locations showed a mean value of 3419.40 mg L,
whereas Iran, WHO, and USEPA reported 1000.00, 600.00,
and 500.00 mg L~! for drinking purposes (Sig <0.05),
respectively. In addition, Na* and CI~ ions had mean val-
ues of 975.16 and 1359.58 mg L~' compared with the Iran,
WHO, and USEPA standards at 200.00, 50.00, and 20.00
(Na™) and 250.00, 200.00, and 250.00 (C17) (Sig <0.05). Se
concentrations did reveal a mean value of 140.24 m