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Groundwater evaluation of northern Jazmourian
(south Iran) for drinking, agriculture, and associated
health risks of nitrate and fluoride contamination

Behnam Abbasnejada , Ahmad Abbasnejada , and Reza Derakhshania,b

aDepartment of Geology, Shahid Bahonar University of Kerman, Kerman, Iran; bDepartment of Earth
Sciences, Utrecht university, Utrecht, Netherlands

ABSTRACT
To investigate groundwater quality in the north of Jazmourian
(Roudbar plain), 30 samples were collected and analyzed for evaluat-
ing drinking and irrigation status and associated health risks. In add-
ition to major anions and cations, the fluoride and nitrate content of
samples were analyzed using standard procedures. Nitrate levels
range between 6.6 and 131mg/L and exceed the WHO permissible
limit in more than 23% and 80% of samples for adults and children,
respectively. Fluoride amounts ranged from 0.4 to 4.8mg/L in sam-
ples. The F- level exceeded the WHO standard limit in 10% of sam-
ples. The EC level increases in fine-grained deltaic deposits toward
the south. The concentrations of major ions (HCO3, Cl, SO4, Mg, Na,
K) increase southwards, following the flow direction. There are, how-
ever, lateral (east-west) differences in water quality due to the influ-
ence of such factors as the rate of recharge and the type of bedrock.
Wherever the redbeds comprise the bedrock and the recharge rate
is weaker, the dissolved salts are higher in amount. The water quality
index (IWQ) indicated that 13, 13, and 4 samples are in “good,”
“poor,” and “very poor” quality classes, respectively. By using the irri-
gation water quality index (IWQI), eight samples were at “low
restriction,” nine samples at “moderate restriction,” twelve samples
at “high restriction,” and one sample at “severe restriction” classes.
The acquired findings revealed that the mean oral hazard quotient
of nitrate was 1.14, 1.0, and 0.84, and for fluoride, it was 0.82, 0.72,
and 0.61 for children, females, and males, respectively. The total haz-
ard index for cumulative NO3

- and F- toxicity exceeded the accept-
able level in 76.67%, 66.67%, and 56.67% of samples for children,
females, and males, respectively.
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Introduction

Supplying safe drinking water is a basic requirement for the development of human
societies. Groundwater is the main source of consuming water in dry and semidry
countries (Qasemi et al. 2019). About two-thirds of the global population depends on
groundwater resources for agriculture, drinking, and industrial water demands
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(Adimalla et al. 2019). In Iran, groundwater is the main source of water supplements.
In recent years, however, such factors as drought and overdraft have led to groundwater
quantity reduction and quality deterioration. Groundwater quality in both rural and
urban areas is deteriorating due to such factors as pollution by sewage, septic tanks, and
agriculture (Rezaei et al. 2019).
Nitrate and fluoride are considered the most widespread contaminants in ground-

water (Adimalla and Venkatayogi 2018). Nitrate pollution is the most abundant and
probably the most common form of groundwater pollution in hot and dry areas
(Bahrami et al. 2020). It originates from several natural and anthropogenic sources.
Agricultural and industrial wastewaters, landfill leachates, urban run-off, as well as ani-
mal wastes are considered the main sources of nitrate pollution in groundwaters
(Adimalla and Li 2019). High intakes of nitrate may lead to abortion as well as a
decrease in oxygen transfer to the fetus via maternal blood (Chetty and Prasad 2016).
WHO (2017) has set the standard level of nitrate in water at 50mg/L for adults and
15mg/L for infants. Exposure to high levels of nitrate may cause some health problems
such as methemoglobinemia (blue baby syndrome) as well as gastric, esophagus, and
ovarian cancers (Bao et al. 2017). High nitrate exposure during pregnancy might result
in miscarriage. Other diseases related to elevated nitrate levels include hypertrophy of
the thyroid, and coronary cardiac disease (Gangolli et al. 1994).
The presence of fluoride in groundwater is a normal occurrence and its level is

affected by local and regional conditions. In addition to natural factors, anthropogenic
sources can also increase the concentration of this element in groundwater. The main
human sources of fluoride pollution include agricultural fertilizers, effluents of metallur-
gic industries, as well as coal combustion (Dehbandi et al. 2017).
Weathering of such rocks as basalt, granite, and shale usually increase the fluoride

content of groundwaters. Minerals including fluorapatite, hornblende, apatite, musco-
vite, fluorspar, cryolite, and topaz contain fluoride in their structure (Mukherjee and
Singh 2018). The concentration of fluoride in groundwater depends on such factors as
the quality and dissolution of fluoride-bearing minerals, temperature, pH, salinity, vege-
tation, calcium, and bicarbonate levels in water; as well as anion exchange conditions
(Appelo and Postma 2004).
Industrialization and population growth have raised the need for water. As a result,

the assessment of water quality has gotten more attention. About 80% of all diseases
across the world have resulted from the use of poor-quality water (Qasemi et al. 2019).
Many nations have faced F- and NO3

- contaminated waters, some of them include India
(Adimalla and Li 2019; Kumar 2021), China (Chen et al. 2017; Su et al. 2021), Pakistan
(Arshad and Imran 2017; Hameed et al. 2021), and Sri Lanka (Rajasooriyar et al. 2013).
Chen et al. (2016) studied nitrate pollution and associated health risk in Ningxia,
China. They have reported nitrate concentration up to 62.2mg/L and the NO3 sources
were fertilizers, extensive irrigation, shallow aquifer, high permeability of the soil, poor
sanitation, and inadequate infrastructure. In the groundwater study of the Ethiopia rift
conducted by Haji et al. (2021), fluoride and nitrate levels reached 5.60 and 69.5mg/L,
and they concluded acidic volcanic rocks and agricultural activities are controlling fac-
tors for F- and NO3 pollution, respectively. Chen et al. (2021) conduct a survey on
fluoride behavior in the Yellow river basin and found evaporate dissolution and
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evaporation were the dominant factors in F- elevation, whereas carbonate weathering
had a major role in groundwater regulation.
In Iran, some studies have been undertaken on NO3

- and F- pollution of ground-
waters (Azhdarpoor et al. 2019; Bazeli et al. 2020). Additionally, several studies have
been conducted on the co-occurrence of F- and NO3

-. As an example, Rezaei et al.
(2017) have studied the hydrogeochemistry of groundwaters in the Lar region and have
reported that F- and NO3

- concentration ranges are 0.59–3.92 and 1.47–70.66mg/L,
respectively. According to their study, groundwater quality in this area is affected by
such processes as dissolution-precipitation of carbonates and evaporates; evaporation of
water; as well as reverse ion exchange. In a study by Qasemi et al. (2022), the concen-
tration of F- and NO3

- in Sabzevar was reported in the range of 0.197–1.32 and
8.8–47.2mg/L, respectively. Rezaei et al. (2019) have reported 0.22–0.27 and
0.28–80mg/L of fluoride and nitrate in the Sanandaj area. Toolabi et al. (2021) have
reported the concentration of nitrate and fluoride in groundwaters of the Bam plain in
the range of 8.5–10.85 and 0–91–1.12mg/L, respectively, meaning lower concentrations
than WHO standards.
In the northern part of Jazmourian, studies related to groundwater quality have not

been carried out. Hence, this study aims to: (1) determine the concentration of F- and
NO3

- and evaluate the spatial distribution of these ions in the groundwater of northern
Jazmourian depression (known as the Roudbar plain); (2) evaluate the water quality of
samples using WQI and associated potential health risks; and (3) assess irrigation water
quality. These studies will provide valuable information for better planning of water
resources and public health in such areas.

Study area

Location and climate

The study area is located in the southeast of Iran and covers an area about 70 km in
length and 30 km in width (Figure 1). Its average altitude is about 500m above sea level
and slopes toward the south. In this area, precipitation varies from 200mm/yr in the

Figure 1. Map of study area showing the sampling locations.
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lowlands (south) to about 400mm/yr in the highlands (north). The annual average tem-
perature of the plain is about 25 �C, indicating that the studied area is arid, with hot
summers and mild winters. In this area, there are a couple of towns (Roudbar and
Zehkalut) and about a dozen villages. The total living population is around 50,000 per-
sons. Agriculture is the primary land use and activity. High rates of agricultural water
evaporation result in salt-rich return flows that raise the TDS and nitrate level of
groundwater (Nazerizadeh 2017).

Geology

The main lithological units of the area, as shown in Figure 2, are: (1) Eocene flyshes
with small outcrops at the foothills, (2) andesitic, rhyolitic, dacitic, and basaltic flows as
well as pyroclastics of Eocene age which are the main rocks comprising the mountains,
(3) small outcrops of Oligo-Miocene conglomerates at the foothills, (4) Oligo-Miocene
limestones which are encountered as scattered hills to the north of the studied area, (5)

Figure 2. Geological map of the studied area.
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Neogene red beds, (6) Pliocene conglomerates, and (7) Pliocene-Quarternary conglom-
erates which outcrop at some locations in piedmont areas, (8) Quarternary andesitic
flows at the northeast and (9, 10) old and young Quarternary gravels which take their
place to deltaic sediments (sands, silts, and clays) toward the south. All the aforemen-
tioned 1 to 5 rock units serve as bedrock of the alluvial aquifer in various parts.
However, wherever the Neogene redbeds which contain evaporitic minerals (gypsum
and halite) are in contact with the aquifer, groundwater is richer in dissolved salts.

Hydrogeology

The hydrogeology of the studied area is investigated by Nazerizadeh (2017). In this area
which is located at the north of the Jazmourian depression, quaternary alluvials play as
the aquifer. These alluvials which are fan deposits in the north and deltaic deposits in
the south have resulted from the erosion of the Jabal-barez mountains in the north.
These mountains are mainly comprised of folded and faulted Eocene volcanic rocks.
The aquifer is replenished from the north, mainly via valley-bottom alluvials, but

spreading floods over the alluvial fans play as a subsidiary agent of aquifer replenish-
ment. Groundwater flows from the north toward the south, but it deflects toward the
southeast in the southern parts of the area.
At the north of study area, the alluvials comprising the aquifer are mainly coarse

gravel. They gradually give their place to deltaic sand, silt, and clay layers at the south.
In these deltaic deposits, the sandy layers play as aquifer and, considering the inter-
bedded clay layers are thin and pinch out toward the recharge zone (north), differences
of groundwater quality among these sandy layers are supposed to be very slight.
The depth of bedrock is very variable in the alluvial fan environment in the north.

However, toward the deltaic environment in the south, the depth of bedrock is unknown
and it is estimated to be in excess of 300m. Groundwater depth varies from about 60m in
the north of the study area to about 40m in the south. Presently, the water level in this
area is falling at an average rate of about 1m per year, mainly because of overdraft and
drought conditions.
The samples taken from the wells drilled in alluvial fan deposits belong to the same

layer, but toward the delta environment, there are thin layers and lenses of clay among
sandy layers.
The aquifer is mainly recharged from the north and groundwater flows toward the

south and southeast. Before extraction by drilled wells, groundwater was discharged as
seepage into the Jazmourian lagoon (Hamun-E Jazmourian) located in the southeast
(Figure 2). However, presently, extraction by around 200 drilled wells is so large that
discharge into the lagoon is interrupted and the lagoon has almost dried up.

Materials and methods

Sampling was performed on one day in March 2019. Samples were collected from pro-
ducing wells which are mainly concentrated in a zone around the main road of the
studied area, where both soil fertility and well discharge are in the best conditions. For
sampling, a couple of 1-liter polyethylene bottles were used at each station. Before
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sampling, the pump was turned on for at least 15min, and the bottles were rinsed with
sampling water. Water temperature, EC, and pH were measured at the field with a cali-
brated set (Evtech – PCD 650) and geographical coordination was determined using a
GPS set (Garmin, eTrex-vista). Water samples for anion analysis were filtered using
0.45 micron filter papers, and the bottles considered for cation and heavy metal analyses
were acidified to pH < 2 using 65% nitric acid.

Laboratory analysis and quality assurance

Potential toxic metals and cations were measured using the inductively coupled plasma
mass spectrometry (ICP-MS) method (HP-Agilent 4500 device) in Zarazma laboratory,
Tehran, Iran. SO4 concentrations were determined using spectrophotometry (DR 2500,
HACH, USA). Carbonate and chloride concentrations were determined by titration and
AgNO3 titration, respectively. Nitrate concentration was determined by spectrophotom-
etry (DR 2500-HACH). In this method, 1 cc of the sample was mixed with acid contain-
ing 12.5 gram phenol, 75 cc duty sulfuric acid, and 37.5 cc fuming sulfuric acid in a
beaker. Afterwards, 2 cc of this sample was mixed with 10 cc of ammoniac, and the
changed color was compared with the standard. Fluoride concentrations were deter-
mined using the spectrophotometry SPANDS method. In this method, F- is combined
with a Zr-bearing compound, and ZrF6

2- complexes are formed. This mixing reduces
the color of the samples and is positively related to the concentration of F-. Then,
absorbance was determined spectrophotometrically at the wavelength of 570 nm. The
standard curve was finally drowned for F- in mg/L.
To check the accuracy and precision of analyses, a duplicate sample was taken after

taking every 10 samples, that is, a total of three samples were analyzed for QA/QC. For
precision of analyses, CRM samples were used in the Zarazma laboratory. Finally, rela-
tive standard deviations (RSD) were calculated. All parameters had RSD in the range of
90–98. Additionally, charge balance errors were calculated for all parameters, which
were in the acceptable range (±5).

Water quality index

Water quality index (WQI) is a practical tool to assess overall surface and groundwater
quality which was introduced by Horton (1965) and modified by Brown et al. (1970).
This index is widely used throughout the world (Jabbo et al. 2022; Khalid 2019; Zhang
et al. 2020). To calculate WQI, some of the key parameters of groundwater on the basis
of their relative importance were used. The main physicochemical parameters which
play important role in the water quality calculated in this study included: Ca, Mg, Na,
K, HCO3, SO4, Cl, NO3, EC, pH, F, TDS, and As. By this means, a large set of water
quality data reduces into indicative and comprehensive numbers. The assigned weight
depends on the importance of mentioned parameter in overall water quality and human
health. In the current research, weight and standard values were used based on the
world health organization report (WHO 2017) (Table 1). Afterward, WQI was com-
puted in the following steps:
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The relative weight of each parameter is calculated according to Eq. (1):

Wi ¼ wiPn
i¼1wi

(1)

where Wi, wi, and n are the relative weight, the weight of each parameter, and the num-
ber of parameters, respectively.
The quality rating scale (qi) for each parameter was calculated by dividing its concen-

tration by corresponding values of WHO guidelines and the result was multiplied by
100, as follows:

qi ¼ Ci
Si

� �
� 100 (2)

where Ci and Si represent the concentrations of each distinctive parameter in each
water sample and the WHO drinking water quality standard for each chemical param-
eter, respectively. SIi and WQI were then determined for each parameter using Eqs. (3)
and (4):

Sli ¼ Wi � qi (3)

WQI ¼
Xn
i¼n

SI (4)

WQI has five classes:
Excellent <50, good 50–100, poor 100–200, very poor 200–300, and >300 unsuitable

drinking water.

Irrigation water quality

Given that groundwater is the only source of water for irrigation in this region, its qual-
ity for irrigation is assessed. For this purpose, the irrigation water quality index (IWQI)
of samples was calculated. This model was first introduced by Meireles et al. (2010) and
numerous researchers have utilized it for irrigation water quality studies (Abbasnia
et al. 2019; Aravinthasamy et al. 2020; Khalaf and Hassan 2013). The privilege of this

Table 1. The weight (wi) and relative weight (Wi) of parameters used for WQI.
Parameter Unit WHO standard Weight (wi) Relative weight (Wi)

Ca mg/L 75 2 0.043
Mg mg/L 50 2 0.043
Na mg/L 200 3 0.065
K mg/L 12 2 0.043
HCO3 mg/L 250 3 0.065
SO4 mg/L 250 4 0.087
Cl mg/L 200 3 0.065
NO3 mg/L 50 5 0.109
As mg/L 10 5 0.109
F mg/L 1.5 5 0.109
EC lmohs/cm 1000 3 0.065
TDS mg/L 1000 5 0.109
pH 7 4 0.087
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method is that it incorporates all of the major influencing irrigation factors into its cal-
culations. Therefore, it illustrates the general quality of irrigation water.
To calculate this index, the relative weight of each factor is determined, and then, the

permissible values and concentration limit of the parameter are used to determine the
coefficient for each factor. The IWQI is calculated by adding these coefficients together.
For this purpose, an aggregation weight (wi) and quality measurement values (qi) defin-
ition have been established. qi and wi values were determined for each parameter
according to irrigation water criteria established by the university of California commit-
tee of consultants and Ayers and Westcot (1985) and listed in Table 2. According to the
parameters in Table 2 and the results of the analyzed sample’s concentrations, values of
qi were calculated using Eq. (5).

qi ¼ qimax � ðxij � xinfÞ � qiamp
� �

=qamp (5)

where qimax represents the maximum value of qi for the class; xij denotes the observed
value of the parameter; xinf indicates the corresponding value to the lower limit of the
class to which the parameter belongs, qiamp is class amplitude, and qamp exhibits class
amplitude to which the parameter belongs. Consequently, wi values were normalized to
be equal to one in accordance with Eq. (6):

wi ¼
Xk
j¼1

FjAij=
Xk
j¼1

Xn
i¼1

FjAij (6)

where wi represents the weight of the parameter for the WQI; F denotes component 1
autovalue; Aij signifies the explainability of parameter i by factor j; i indicates the num-
ber of physico-chemical parameters selected in the model, ranging from 1 to n; and j
represents the number of factors selected in the model, varying from 1 to k. The relative
weights assigned to each parameter are shown in Table 3.
Ultimately, IWQI can be calculated usnig qi and wi for each groundwater sample.

The IWQI ranges from 0 to 100 and is a dimensionless parameter. The irrigation water
quality index was determined by the following Equation:

IWQI ¼
Xn
i¼1

qi � wi (7)

where qi denotes the quality of the ith parameter and is related to its concentration,
which ranges between 0 to 100, and wi is the normalized weight assigned to the ith par-
ameter, based on its significance in explaining global water quality variability. The WQI
has considered the risk of salinity issues, soil water infiltration reduction, as well as

Table 2. Limit values of quality measurement (qi).
qi CE (lS/cm) SAR (meq/L)1/2 Naþ (meq/L) Cl� (meq/L) HCO3

� (meq/L)

85–100 200� EC < 750 2� SAR < 3 2�Na < 3 1� Cl < 4 1�HCO3< 1.5
60–85 750� EC < 1500 3� SAR < 6 3�Na < 6 4� Cl < 7 1.5�HCO3< 4.5
35–60 1500� EC < 3000 6� SAR < 12 6�Na < 9 7� Cl < 10 4.5�HCO3< 8.5
0–35 0–35 EC <200

or EC � 3000
SAR <2

or SAR �12
Na <2

or Na �9
Cl <1

or Cl �10
HCO3< 1

or HCO3� 8.5

Source: Meireles et al. (2010)
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toxicity to plants. Levels of restriction on water use were identified in various classes
(Supporting Information Table S1) (Meireles et al. 2010).

Health risk assessment

The risk of potentially toxic compounds in water is a crucial aspect that has received
extensive research (Abbasnejad et al. 2013; Adimalla and Qian 2019; Enalou et al.
2018). The majority of these compounds may threaten human health via three pathways
which include ingestion, inhalation, and dermal contact. For drinking water purposes,
ingestion is the primary route.
Nitrate and fluoride are considered toxic when used in excess of safe levels; the

exposure risk of these two chemicals can be calculated as follows.

Ingestionoral ¼
CW� IR � EF� ED

BW� AT
(4)

where the CW is concentration, IR is ingestion rate, EF is exposure frequency, ED is
exposure duration, BW is bodyweight, and AT is average exposure time for noncarcino-
genic chemicals (Table 4).
To determine noncarcinogenic contamination caused by contaminated water, hazard

quotient (HQ) and reference dosage (RfD) are used. The calculated oral risks are used
to determine the noncarcinogenic effect of nitrate and fluoride separately, as follows:

HQ ¼ oral intake
RfDoral

(5)

The RfD or oral reference dose for nitrate and fluoride are 1.6 and 0.06mg/kg,
respectively (Li et al. 2016). The permissible risk for nitrate and fluoride is HQ < 1,
and if HQ � 1. It represents the noncarcinogenic impact of these chemicals. The total
hazard index (THI) imposed by both these chemicals is:

THI ¼ HQnit þ HQFlu (6)

Table 3. Weights for the IWQI parameters.
Parameters wi

Electrical conductivity (EC) 0.211
Sodium (Naþ) 0.204
Chloride (Cl�) 0.194
Bicarbonate (HCO3

�) 0.202
SAR 0.189
Total 1.00

Source: Meireles et al. (2010)

Table 4. Exposure factors for health risk assessment of groundwater via ingestion pathway.
Exposure variable Unit Children Female Male

IR L/day 0.78 2.5 2.5
EF day/year 365 365 365
ED Year 12 67 64
W kg 15 55 65
AT day 4380 24,445 23,630
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Statistical and spatial analysis

In this study, statistical analysis was performed using Microsoft Excel 2019 and SPSS
24.0. Also, AqQA 1.5.0, and Rockworks 16 softwares were used to calculate water types.
The irrigation quality of water samples was calculated by IWQI software 1.8.1. The
ArcGIS (Ver. 10.4) was employed to generate the spatial distribution maps.

Results and discussion

General hydrogeochemistry

Statistical summaries of physicochemical characteristics of samples are presented in
Table 5. The pH ranges of samples are 6.5–7.7, meaning neutral waters (Figure 3a). The
EC ranges between 815 and 4850 ls/cm, with a mean of 2127 ls/cm. As Figure 3b
reveals, EC decreases from west to east, the reason is assumed to be dilution as a result
of recharge by large alluvial fans in the east. The lowest and highest levels of TH are 67
and 1257mg/L, respectively. The highest levels are observed at the central parts, where
evaporite-bearing bedrocks are present (Figure 3c). Generally, the shares of the soft,
moderate, hard, and very hard waters are 3.33, 6.67, 23.33, and 66.67, respectively.

Table 5. Statistical summary of physicochemical parameters in groundwater samples.
Ca K Mg Na SO4 NO3 HCO3 Cl F T EC

Station mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L (�C) (mmoh/cm) pH

1 1.6 2.9 7.3 414.4 408.9 8.9 170.8 383.4 1.2 31.0 1200.0 7.7
2 378.5 6.1 58.4 821.4 1424.9 70.7 189.1 976.2 0.7 28.0 4850.0 7.3
3 68.3 5.5 50.8 943.0 1164.3 32.8 305.0 713.5 2.0 28.0 4300.0 7.7
4 45.0 3.3 5.5 261.4 425.9 8.0 91.5 142.0 0.5 32.0 1350.0 6.5
5 65.1 2.7 13.7 409.9 491.2 64.9 170.8 337.2 0.7 31.0 2150.0 6.8
6 164.4 4.4 43.3 866.9 1318.5 36.6 336.0 564.4 4.8 29.0 4170.0 7.1
7 184.9 4.9 35.5 654.9 1080.1 15.5 109.8 603.5 0.4 30.0 3720.0 7.1
8 394.5 5.7 66.0 670.6 1643.3 131.0 183.0 639.0 0.4 30.0 4500.0 7.1
9 83.4 6.2 27.7 282.0 401.9 44.2 134.2 301.7 4.8 31.0 1767.0 6.9
10 263.6 10.2 92.1 520.2 971.2 49.8 262.3 674.5 0.4 30.0 3760.0 6.8
11 73.0 3.6 25.9 160.5 263.2 53.9 183.0 159.7 0.4 30.0 1210.0 6.8
12 47.3 3.1 12.7 119.8 133.1 17.4 213.5 88.7 0.4 33.0 815.0 6.7
13 86.3 3.2 32.8 250.3 387.5 22.4 201.3 241.4 0.4 31.0 1644.0 6.5
14 86.7 7.8 28.3 182.4 181.7 33.0 183.0 287.5 0.4 33.0 1452.0 6.6
15 76.0 4.5 23.0 140.5 251.6 19.7 176.9 138.4 0.4 28.0 1149.0 6.9
16 67.0 4.9 19.8 368.5 587.3 23.0 250.1 181.0 0.4 30.0 1890.0 7.1
17 47.8 5.5 15.4 138.3 153.3 21.9 170.8 138.4 0.4 30.0 977.0 6.9
18 39.9 6.3 13.8 155.1 174.3 19.7 183.0 124.2 0.4 32.0 994.0 6.7
19 60.6 3.4 18.5 139.9 173.5 43.9 213.5 131.3 0.6 31.0 1078.0 7.2
20 37.6 3.6 13.7 152.8 168.2 32.8 195.2 113.6 0.6 31.0 956.0 6.8
21 225.3 6.9 79.8 583.0 371.0 10.9 109.8 1207.0 0.5 32.0 4210.0 7.5
22 38.8 4.1 15.0 167.3 185.0 13.0 201.3 124.3 1.0 33.0 1007.0 7.0
23 185.1 5.9 50.0 509.2 735.4 38.8 183.0 628.3 0.8 30.0 3330.0 7.7
24 47.6 2.7 8.1 276.4 380.9 29.8 176.9 159.7 0.8 30.0 1340.0 6.9
25 58.0 3.6 12.8 414.5 540.0 42.9 128.1 319.5 0.8 32.0 2190.0 7.2
26 40.4 2.7 7.2 335.3 372.6 56.1 183.0 237.8 1.0 30.0 1704.0 6.9
27 21.0 2.4 3.5 213.0 234.8 6.6 176.9 106.5 0.8 30.0 1084.0 7.2
28 64.5 2.2 10.2 261.6 324.8 65.2 170.8 216.5 0.7 30.0 1550.0 7.1
29 34.4 2.2 5.4 285.3 238.1 27.4 164.7 252.0 0.8 30.0 1445.0 6.9
30 85.5 2.6 13.0 338.7 335.2 12.8 140.3 391.5 1.0 30.0 2008.0 7.1
Min 1.6 2.2 3.5 119.8 133.1 6.6 91.5 88.7 0.4 28.0 815.0 6.5
Max 394.5 10.2 92.1 943.0 1643.3 131.0 336.0 1207.0 4.8 33.0 4850.0 7.7
Mean 102.4 4.4 27.0 367.9 517.4 35.1 185.3 352.8 1.0 30.5 2126.7 7.0
Median 66.05 3.85 16.95 283.65 376.75 31.3 183 246.7 0.65 30 1597 6.95
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The site-wise variation diagram of samples is shown in Figure 4. The abundance of
ions is SO4> Na>Cl>HCO3 > Ca>NO3

� > K> F�. As Figure 4 depicts, the sum of
concentrations is higher in the first 10 sampling points which are located in the west.
Sodium level decreases toward the east (Figure 3d) and its minimum and maximum
level are 120 and 943mg/L, respectively, with an average value of 368mg/L which, in

Figure 3. Spatial distribution of (a) pH, (b) EC, (c) TH, (d) Na, (e) Mg, (f) Ca, (g) K, (h) SO4, (i) Cl, (j)
HCO3, (k) NO3, (l) F.
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comparison with the WHO (2017) standard (200mg/L), is considerably higher due to
such factors as evaporite dissolution, evaporation, and irrigation. As a result of evaporite
bedrocks, the Mg2þ levels reach up to 92.1mg/L in this area. Its mean value is 26.9mg/L
as a result of the influence of Mg-poor rocks in the west (Figure 3e). The distribution of
Ca2þ is similar to Mg2þ, but the average is 104.5mg/L, while the allowable level of WHO
(2017) is 200mg/L (Figure 3f). Kþ ranges are 2.17–10.16mg/L, respectively, while its
acceptable value is 12mg/L (WHO 2017). As shown in Figure 3g, Kþ has higher levels in
central parts since its variation is mainly due to the influence of agricultural fertilizers.
Among anions, sulfate with an average of 517mg/L has the highest concentration.

Given its WHO permissible value is 250mg/L; 22 samples (73.33%) exceed this level. As
illustrated in Figure 3h, higher concentrations of this anion are observed in the south-
west, probably as a result of evaporative dissolution. Chloride concentration ranges
between 88.7 and 1207mg/L, which in 18 samples is higher than the 250mg/L recom-
mended level (WHO 2017). While, in six samples (2, 3, 8, 10, 21, 23) Cl level is higher
than the desirable limit for agricultural uses which is 600mg/L. As presented in Figure
3i, its concentration in the western and central parts of the plain are higher which shows
the increased contribution of evaporite dissolution. HCO3

- level varies between 91.5 and
366mg/L which shows lower variation than other onions (Figure 3j), and all samples
except a couple of them are below the permissible threshold of 300mg/L (WHO 2017).
Nitrate levels range between 6.6 and 131mg/L with an average value of 35.07mg/L.

This means rather large variations in its concentration. The reason is differences in agri-
cultural density (nitrate pollution rate) and the rate of dilution of agricultural return
flows by groundwater. In strong recharge zones, the return flows are mixed with a
larger amount of groundwater and become more diluted. The highest concentrations

Figure 3. Continued.
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are observed in samples 8 and 2 with 131 and 70.7mg/L, respectively. These samples also
contain high levels of Cl-, Ca2þ, EC, Mg2þ, Naþ, and SO42- supposedly as a result of
such factors as agricultural return flow and evaporite dissolution. The WHO allowable
limit of nitrate level for adults is 50mg/L and six samples (20%) exceed this level.
However, the standard level for children is 15mg/L and only six samples have lower
NO3

- content (80% of samples are polluted). As shown in Figure 3k, the highest concen-
tration of nitrate was detected in central areas, where nitrate released by human activities
(sewage and fertilizers) is higher and the dilution rate is lower than in other areas.
The fluoride concentration in water samples varies from 0.4 to 4.8mg/L from the

west to the east and the average is 0.95mg/L (Figure 3l). Concentrations in three sam-
ples (3, 6, and 9) were above the permissible limit of 1.5mg/L (WHO 2017). One sam-
ple (No. 9) lies at 1–3mg/L class (dental fluorosis) and two samples (No. 3 and 6) lie at
the 4–6mg/L class (deformation in the knee and hip bones) (Murray 1986; Singh et al.
2020). In two samples (3 and 6) the CO3

- and Naþ levels are also high. This means that
these ions support the release of F- via controlling the dissolution of fluorite and other
F-bearing minerals. High levels of Na in these samples may be the result of Alumino-
silicate dissolution which influences the dissolution of F-bearing minerals through the
production of OH- and Naþ ions. A volcanic belt at the north of the studied area may
influence F- levels in groundwaters. F- concentration in water samples varies from 0.4
to 4.8mg/L. The fluoride level in some samples related to the delta environment is
higher. Based on such diagnostic plots as Na/NaþCl vs. TDS and the Cl vs. Na plot

Figure 4. Site-wise variation of major anions and cations in groundwater samples of the study area.
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(Supporting Information Figure S1), ion exchange is happening in deltaic deposits. This
process raises the Naþ and falls the Ca2þ and Mg2þ content in groundwater. The conse-
quent unsaturation with respect to fluorite has caused the dissolution of this mineral
from the matrix. Additionally, a decrease in Ca2þ and Mg2þ content and an increase in
Naþ (stronger base) resulting from the ion exchange process increases OH-. The
exchange of OH- with F- adsorbed on mineral surfaces is another mechanism for high
concentrations of fluoride.
To evaluate the geochemistry of groundwaters and dominant water types, the Piper

diagram was used (Figure 5). The leftward triangle represents NaþK type waters and
the rightward triangle represents Cl- and SO4

2- types. The location of samples at the
right of the main diamond indicates that groundwater quality in the study area is Na-
Cl-SO4 hydrochemical type. A stiff diagram of water samples (Figure 6) indicates that
all samples lie in two groups which contain 70% of samples in Na-SO4 type and the
second one which includes about 30% of samples in Na-Cl type. Both groups indicate a
strong influence on the dissolution of evaporite minerals containing gypsum and halite.

Water quality index

As noted, WQI illustrates some of the most important physicochemical parameters of
groundwater into a single value, which is a simple indicator for comparing and charac-
terizing the condition of samples. In evaluating WQI, the weight of each parameter,
relative weight, and WHO guideline values are given in Table 1.

Figure 5. Piper trilinear diagram for groundwater samples from study area.
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The calculated values for WQI vary from 60.73 to 239.19. The results reveal that 13
samples were within the “good” water quality class and 13 samples were in the “poor”
quality class (Figure 7). Additionally, four samples (No. 2, 3, 6, and 8) come under the
“very poor” quality class. None of the groundwater samples meet the requirement of
excellent water.

Irrigation water quality index

Using IWQI allows for preventing soil and water deterioration which is an essential
issue in agricultural production. The IWQI values in groundwater samples are shown in
Figure 8. As observed, the agricultural quality of water is low in western parts, suitable

Figure 6. Spatial distribution map of Stiff diagram for groundwater samples.

Figure 7. Spatial variation map of WQI.
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in the central parts, and moderate in the other parts. The average value of IWQI for sam-
ples is 58.3 which means moderate restriction of use for agriculture. The IWQI values dem-
onstrate that eight samples (26.6%) lie at “low restriction” (70–85) class, nine samples
(30%) at “moderate restriction” class (55–70), 12 samples (40%) at “high restriction”
(40–55) class and 1 sample (3.3%) at “severe restriction” (40>) class. Accordingly, the high-
est numbers (40%) lie in the “high restriction” class. Therefore, the quality of groundwaters
for agricultural purposes is low in general. Consequently, it is proposed that high perme-
ability soils, lacking compact layers should be used for irrigation.

Health risk assessment

Many countries are concerned about the noncarcinogenic risks of F- and NO3
- in

their groundwater resources (Nawale et al. 2021; Rezaei et al. 2017; Xiao et al. 2022).
A lack of proper treatment could cause severe human health problems if waters with
high concentrations of NO3

- and F- are consumed. In this study, the health impacts
of F- and NO3

- were evaluated using hazard quotients. Based on the potential non-
carcinogenic health risks of oral exposure to groundwater, the potential risks for
adult males, adult females, and children are presented in Table 6. The values of HQs
were calculated for nitrate and fluoride separately. The mean values of HQnitrate for
males, females, and children were 0.844, 0.998, and 1.141, respectively. Meanwhile,
the values of HQfluoride for males, females, and children were 0.609, 0.720, and 0.823,
respectively. According to USEPA guidelines (USEPA 2014), the acceptable risk for
humans is below one (HI < 1). Therefore, 33.33, 40, and 50% of the samples impose
the noncarcinogenic risk of nitrate consumption on males, females, and children,
respectively
Comparing data based on the mean values of HQ for nitrate and fluoride revealed

the following noncarcinogenic risks: Children> females>males. Furthermore, nitrate
poses a greater risk in the study area than fluoride.

Figure 8. Spatial variation map of IWQI.
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Table 6. Hazard quotients and total hazard index for nitrate and fluoride in groundwater samples
for male, female, and children (Hazard values greater than 1 are bolded).

HQNO3 HQF THI

Sample no. Male Female Children Male Female Children Male Female Children

1 0.214 0.253 0.289 0.769 0.909 1.040 0.983 1.162 1.329
2 1.700 2.009 2.298 0.449 0.531 0.607 2.148 2.540 2.904
3 0.788 0.932 1.066 1.282 1.516 1.733 2.071 2.448 2.799
4 0.192 0.227 0.260 0.321 0.379 0.433 0.513 0.606 0.693
5 1.560 1.845 2.109 0.449 0.531 0.607 2.009 2.375 2.716
6 0.880 1.040 1.190 3.077 3.638 4.160 3.957 4.678 5.350
7 0.373 0.441 0.504 0.256 0.303 0.347 0.629 0.744 0.850
8 3.149 3.723 4.258 0.256 0.303 0.347 3.405 4.026 4.604
9 1.063 1.256 1.437 3.077 3.638 4.160 4.139 4.894 5.597
10 1.197 1.415 1.619 0.256 0.303 0.347 1.454 1.719 1.965
11 1.296 1.532 1.752 0.256 0.303 0.347 1.552 1.835 2.098
12 0.418 0.495 0.566 0.256 0.303 0.347 0.675 0.798 0.912
13 0.538 0.637 0.728 0.256 0.303 0.347 0.795 0.940 1.075
14 0.793 0.938 1.073 0.256 0.303 0.347 1.050 1.241 1.419
15 0.474 0.560 0.640 0.256 0.303 0.347 0.730 0.863 0.987
16 0.553 0.654 0.748 0.256 0.303 0.347 0.809 0.957 1.094
17 0.526 0.622 0.712 0.256 0.303 0.347 0.783 0.926 1.058
18 0.474 0.560 0.640 0.256 0.303 0.347 0.730 0.863 0.987
19 1.055 1.248 1.427 0.385 0.455 0.520 1.440 1.702 1.947
20 0.788 0.932 1.066 0.385 0.455 0.520 1.173 1.387 1.586
21 0.262 0.310 0.354 0.321 0.379 0.433 0.583 0.689 0.788
22 0.313 0.369 0.423 0.641 0.758 0.867 0.954 1.127 1.289
23 0.933 1.103 1.261 0.513 0.606 0.693 1.446 1.709 1.954
24 0.716 0.847 0.969 0.513 0.606 0.693 1.229 1.453 1.662
25 1.031 1.219 1.394 0.513 0.606 0.693 1.544 1.826 2.088
26 1.349 1.594 1.823 0.641 0.758 0.867 1.990 2.352 2.690
27 0.159 0.188 0.215 0.513 0.606 0.693 0.671 0.794 0.908
28 1.567 1.853 2.119 0.449 0.531 0.607 2.016 2.384 2.726
29 0.659 0.779 0.891 0.513 0.606 0.693 1.171 1.385 1.584
30 0.308 0.364 0.416 0.641 0.758 0.867 0.949 1.122 1.283
Min 0.16 0.19 0.21 0.26 0.30 0.35 0.51 0.61 0.69
Max 3.15 3.72 4.26 3.08 3.64 4.16 4.14 4.89 5.60
Mean 0.84 1.00 1.14 0.61 0.72 0.82 1.45 1.72 1.96

Figure 9. Total hazard index of fluoride and nitrate for children, female, and male in ground-
water samples.
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In this study, the excessive adverse health risks of fluoride and nitrate in drinking
water were assessed through the THI, which was calculated as the sum of HQs for
fluoride and nitrate. Table 6 and Figure 9 illustrate the THI for all groundwater samples
to assess the risks for children, females, and males, respectively. The calculated THIs
range from 0.513 to 4.139, 0.606 to 4.894, and 0.693 to 5.597 for men, women, and chil-
dren, respectively. Accordingly, the average THI was 1.45, 1.72, and 1.96. In 30 ground-
water samples, for children, women, and men, THI levels exceeded 1 (THI > 1) in 23
(76.67%), 20 (66.67%), and 17 (56.67%) samples, respectively.
According to THI results, children are more jeopardized by noncariogenic risks due

to their physical condition and ingestion rate. Similar results were reported by Adimalla
and Qian (2019); Qasemi et al. (2019); Haji et al. (2021).

Conclusion

In the present study, the quality of groundwater resources in the northern Jazmourian
was assessed, and the following conclusions are drawn:

� According to the Piper diagram, Na is the most abundant cation, whereas, Cl
and SO4 are the most dominant anions and the major groundwater type is Na-
Cl-SO4.

� The fluoride concentration ranges from 0.4 to 4.8mg/L, with an average of
0.95mg/L, and in three samples, F- contents are higher than the threshold value
suggested by WHO. Fluorite unsaturation and pH rise are considered the main
factors influencing high-F values in some samples. Both these agents are the
results of ion exchange in deltaic sediments.

� The nitrate concentration varied from 6.6 to 131 with a mean of 35.07mg/L.
NO3

- content in 20% and 80% of samples exceed the WHO guideline for adults
and children, respectively. Agricultural fertilizers are considered the main source
of nitrate in groundwaters.

� Calculated WQI demonstrates that 43.33% of samples are “good” for human
consumption, about 43.33% of samples are “poor” and 13.1% of samples are
“very poor” in quality.

� IWQI values illustrate that groundwater quality for irrigation is good in the east-
ern part, poor in the west, and moderate in other parts of the studied area. Out
of 30 analyzed samples, eight samples fall into the “low restriction” category, 9
and 12 samples are in the “moderate restriction” and “high restriction” catego-
ries, respectively, whereas only one sample is in the “severe restriction” category
which is used for irrigation.

� Based on human health risk assessment, it is concluded that nitrate poses a
greater risk than fluoride. The noncarcinogenic risks for both F- and NO3

- were
calculated as children> female>male, respectively. The study revealed that THI
(F- þ NO3

-) of children, female and male have exceeded the acceptable limit in
76.67%, 66.67%, and 56.67% of samples, respectively.
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The results of our study indicate that there is a need for additional research to deter-
mine the relative roles of natural and human factors and find ways to reduce the
human health risk. Also, continuous monitoring and management for Jazmourian water
catchment must be prioritized.
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