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Abstract: High nitrate concentration in drinking water has the potential to cause a series of harmful
effects on human health. This study aims to evaluate the health risk of nitrate in groundwater
resources of Hormozgan province in four age groups, including infants, children, teenagers, and
adults, based on the US EPA methodology and Monte Carlo technique to assess uncertainty and
sensitivity analysis. A Geographic Information System (GIS) was used to investigate the spatial
distribution of nitrate levels in the study area. The nitrate concentration ranged from 0.3 to 30 mg/L,
with an average of 7.37 £ 5.61 mg/L. There was no significant difference between the average
concentration of nitrate in all study areas (p > 0.05). The hazard quotient (HQ) was less than 1 for
all age groups and counties, indicating a low-risk level. The HQ95 for infants and children in the
Monte Carlo simulation was 1.34 and 1.22, respectively. The sensitivity analysis findings showed
that the parameter with the most significant influence on the risk of toxicity in all age groups was the
nitrate content. Therefore, implementing a water resources management program in the study area
can reduce nitrate concentration and enhance water quality.

Keywords: nitrate pollution; health risk; Monte Carlo simulation; groundwater contamination

1. Introduction

Water is vitally important to life and necessary for wellbeing, security, social develop-
ment, economic growth, and food production [1]. Nowadays, the provision of safe water
has become the most critical concern worldwide [2]. Among the possible extraction sites
for drinking water supplies, shallow groundwater aquifers are regarded as an adequate,
economical, and reliable water source of acceptable quality in many countries [3]. However,
groundwater resources are vulnerable to pollutants originating from agricultural develop-
ment, industrial activities, as well as municipal and agricultural sewage discharge [4]. Land
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use and its coverage can affect groundwater quality [5]. Approximately 63% of the drinking
water of the Iranian people is supplied from groundwater resources, so in some large cities
and many rural communities, the only source of drinking water is groundwater [6].

Nitrate is one of the most common contaminants in groundwater resources globally,
and its presence can severely hamper clean water availability; high nitrate levels lead to
limited reliance on such sources [7,8]. Its transmission from source to the aquifer is as fol-
lows: Nitrate penetrates groundwater through several sources, including the application of
synthetic nitrogen fertilizers and manure, pesticides, septic tank effluents, absorption wells,
wastewater effluents, decomposition of dead animals and plants, and unsanitary solid
waste disposal [9-11]. Among the issues caused by nitrate, its elevated levels in potable
water can cause infant methemoglobinemia (MetHb—Blue Baby Syndrome) and may be
associated with the incidence of involuntary abortion and infertility problems. In MetHb
disease, nitrate produces methemoglobin and reduces the blood oxygen; therefore, the
baby turns blue (Cyanotic) [12-14]. It was shown that women who consume groundwater
with high nitrate concentrations during pregnancy are at higher risk of having a child
with congenital abnormalities [15]. Furthermore, nitrate is the precursor in the formation
of nitrosamines (potent carcinogens), raising the risk of various types of cancer, such as
nasopharynx, esophagus, stomach, pancreas, colorectal, and brain [16,17].

Based on the World health organization (WHO) guidelines for drinking water quality,
the value for nitrate concentration in drinking water to protect the health of the susceptible
subpopulation, bottle-fed infants, is 50 mg/L in the form of NO3;™ [18,19]. Hence, the
responsible authorities must assess the human health risk of nitrate via ingestion of drinking
water in different regions and provide groundwater resources management strategies to
reduce the adverse health effects of nitrate on different age groups such as infants, teenagers,
children, and adults [20,21].

A high nitrate level in groundwater resources is a severe water resources management
issue in many urban areas of Iran, such as Tehran, Mashhad, Zahedan, and Qom [22].
Hormozgan Province is one of the arid areas of Iran, with an average rainfall of less than
200 mm. Furthermore, most rivers are seasonal, and because of various environmental
pollutants, surface water quality is poor. Consequently, groundwater resources are applied
for drinking, agriculture, and industry; therefore, monitoring groundwater quality is
indispensable to protect consumers and ensure their safety.

An effective approach to water resources management is to analyze land-use effects on
the spatial distribution of pollutants and, consequently, water quality. Various software pro-
grams are used to monitor groundwater and evaluate the risks associated with pollutants.
Geographical Information Systems (GIS) are used effectively in analyzing, interpolation,
spatial data display, and monitoring various environmental pollutants [23,24].

Given the broad population exposed to pollutants (nitrates) in this province’s drinking
water, this study aims to assess the health risk of nitrate in the groundwater:

1.  Weset up a grid of nitrate measurements in groundwater of the Hormozgan region,
establishing its spatial distribution and occurrence. Following this, we queried the
non-carcinogenic threats by assessing the Estimated Daily Intake (EDI) and Hazard
Quotients (HQ) for nitrate consumption in four age groups, including infants, children,
teenagers, and adults.

2. We used the Monte Carlo simulation method to account for the intrinsic uncertainty.

3. Sensitivity analysis indicated the relationship between nitrate consumption and toxic-
ity and the main alleviation factors.

2. Materials and Methods
2.1. Study Area

Hormozgan province is located in the south of Iran and north of the Persian Gulf
and Oman Sea. The population of Hormozgan province is 1.7 million. It is placed at the
northern latitude of 25°24’ to 28°57’ and the eastern longitude of 53°41’ to 59°15’. The area
of Hormozgan province is about 68,000 km?, with 14 islands in the Persian Gulf. The area
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has temperate climate conditions and is warm and humid all year round [25]. The area of
Hormozgan agricultural lands is 1560 km?2, with an annual production of 2.7 million tons
of horticultural and agricultural products. About 19% of the population of Hormozgan
province is active in the agricultural sector and its subdivisions, including fisheries. This
province has two sub-basins (Bandar Sadij and Kalmehran, which is part of the Persian Gulf
and Oman Sea watershed), which has 65 groundwater aquifers. Most of the population
also lives along the coast, where there are 20 aquifers [26]. Figure 1 show Iran’s locations in
the world and the locations of Hormozgan province in Iran.
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Figure 1. Location of Iran in the world and Hormozgan province in Iran.

2.2. Sample Collection

Since the present study is a cross-sectional investigation (summer season—10 August
2019 to 25 August 2019), groundwater samples were randomly taken from 54 locations
in 11 counties of Hormozgan province except for its islands [27,28]. One-L polyethylene
bottles (Merck company, Darmstadt, Germany) were used for the collection of samples.
Before sampling, the bottles were washed with the well water to be extracted. Samples
were shipped to the laboratory immediately after recording the characteristics of sampling
places and times. Nitrate levels were analyzed employing a spectrophotometer (Hach DR-
5000-Method 10049; HACH company, Loveland, CO, USA) based on ultraviolet absorption
at 220 nm. In order to eliminate the interference of organic matter, the second measurement
was performed at 275 nm to correct the amount of nitrate, and their difference was reported
as nitrate concentration [29]. All measurements and analyses related to the parameters
were performed accurately. For greater accuracy and QA /QC, all analyses were repeated
twice (LOQ = 0.2 and LOD = 0.1). Additionally, two samples of distilled water were used
as controls for further quality control of the experimental results.

2.3. Exposure Assessment and Risk Estimation

Assessing health risks is an integral part of the decision-making process in water
sources. Generally, the health risk assessment estimates the nature and probability of vul-
nerability to human health associated with exposure to chemicals in the environment [30,31].
A deterministic approach in estimating the potential health hazard of chemicals is to apply
the methodology provided by the United States Environmental Protection Agency (US EPA)
for health risk methodology. In this technique, a unique value is assigned to each input
parameter (e.g., chemical concentration), and a single value is estimated for carcinogenic
or non-carcinogenic health risks. The health risk assessment was carried out according to
these USEPA guidelines, and the following equation was applied to compute the exposure
assessment for Hormozgan province residents [32,33]:

CfXCd

EDI =
Bw

)
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where EDI is the estimated daily intake (mg/kg/day); C; is the concentration of nitrate in
drinking water (mg/L); Cg4 is the average drinking water consumption per day (L), and
BW is the body weight (kg).

The hazard quotient was computed using the following equation:

EDI

HQ =+ @)

RfD is the oral reference dose (mg/BW kg/day) in this equation. The HQ indicates
the level to which adverse health effects are not expected. If the HQ > 1, it is expected that
exposure may cause adverse effects on human health [34,35]. Table 1 present the values of
the selected parameters used to assess health risks.

Table 1. Parameters used for health risk assessment in groundwater of Hormozgan province coun-
ties, Iran.

Parameters Unit Probability Infants Children Teenagers Adults References
Distribution (<2 Year) (2-10 Year) (10-18 Year) (>18 Year)
Cf mg/L Log-normal - - - - Current study
Cd L/day Log-normal 0.61 4+ 0.27 125 £0.57 1.58 £+ 0.69 1.95 £ 0.64 Adapted from [36]
BW kg Log-normal 7.98 + 1.02 16.41 + 3.78 39.83 £ 10.16 77.45 + 13.6 Adapted from [37]
mg/BW )
RfD ke,/day 1.6 1.6 1.6 1.6 Adapted from [38]

Uncertainties are critical in health risk assessment, resulting from a lack of specific
knowledge, insufficient data, and variability [39]. In order to assess various random
scenarios, the Monte Carlo simulation approach is often employed; Monte Carlo is a com-
putational algorithm based on thousands of random sampling iterations that typically
determine quantitative uncertainty by understanding a probability distribution (normal,
lognormal, uniform, gamma distribution) for the involved parameters [40]. Besides, sensi-
tivity analysis is a technique used to determine the impact of an independent variable on a
particular output variable (dependent variable) in a model [31].

2.4. Data Probability Distribution and Data Analysis

In the present study, Microsoft Excel 2013, R software version 6.3.2, and Oracle Crystal
Ball software version 11.1.2.3 were utilized for statistical analysis, normality test, hierarchi-
cal cluster analysis (HCA), Monte Carlo simulation, and sensitivity analysis, respectively.
The Shapiro-Wilk test was used to evaluate the normality of data. The inverse distance
weighting (IDW) technique was employed in the ESRI ArcGIS software version 10.8 to
estimate the nitrate concentration values for un-sampled areas.

3. Results and Discussion
3.1. Results of Descriptive Analysis

Firstly, an investigation involving onsite measurements of nitrate levels in various
counties of the Hormozgan province was performed, and the results are summarized in
Table 2. The mean value for nitrate concentration in drinking water of the study area was
7.37 £ 6.51 mg/L. The highest and lowest nitrate concentration in the Hormozgan province
was encountered in the Parsian and Rudan country, with 30 and 0.3 mg/L, respectively
(Table 2). The high nitrate concentration in the Yord-e-Qasemali region compared to other
regions could be due to excessive use of nitrate fertilizers in agriculture taking place locally
or sewage leakage. Generally, nitrate levels were below the WHO guideline value (45 mg/L)
in all counties in Hormozgan province. Our results fall within those previously measured;
in a study conducted by Mirzaei et al. in the Hashtbandi region of Hormozgan province,
the mean, highest, and lowest nitrate concentration in groundwater was 17.5 (£6.6), 33.5,
and 6 mg/L, respectively [41].
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Table 2. Nitrate concentration in different sampling places in Hormozgan province.

NO. Counties Site Nitrate Concentration (mg/L)
1 Jask Negar-e Bala 3.6
2 Jask Saran-e Barshaku 2.2
3 Jask Kiai 1
4 Jask Shahrak-e Gabrik 3.8
5 Jask Gazdan 25
6 Jask Hangestan 1
7 Bashagard Ahun 4.3
8 Bashagard Behtish 9.9
9 Bashagard Khomeyni Shahr 1
10 Bashagard Darreh-ye Murt 7.7
11 Bashagard Zehbodi 2.5
12 Bashagard konarejadid 3.8
13 Bashagard Grough 7.4
14 Minab Beneh Kan 1.8
15 Minab Mojtame-ye Emam 10.6
16 Minab Zartuji 13.2
17 Minab Sarmazegh 7.6
18 Minab Jafarabad 7.4
19 Minab Shivehi 5.2

20 Minab konarejadid(well6) 3.4
21 Minab konarejadid(well5) 35
22 Minab Kahurtak 6.6
23 Minab Gavajag 4.5
24 Minab Owdui 7.5
25 Minab Bondar 9.3
26 Minab Posht Kalat 16.3
27 Minab tom parian 7
28 Sirik Ravang(welll) 55
29 Sirik Ravang(well2) 8.2
30 Sirik Ravang(well3) 6.8
31 Rudan Bajani 13.8
32 Rudan Bagh Narges 22
33 Rudan poshtebanan 18.3
34 Rudan Palur 6.8
35 Rudan Chiromabad 0.3
36 Bandar Abbas Bohregh 17.7
37 Bandar Abbas Takht 12
38 Bandar Abbas Hasan Langi-ye Bala 51
39 Bandar Abbas Gishan 7.5
40 Bandar Abbas Mogsam 8.5
41 Hajjiabad Dar Agah 7.7
42 Hajjiabad Sar-e Gaz-e Ahmadi 16.4
43 Hajjiabad Siruiyeh 6.7
44 Hajjiabad Baynuj 13.8
45 Hajjiabad Chaleh Murt 114
46 Khamir Bastu(well2) 1.6
47 Khamir Bastu(mineral spring) 3.3
48 Khamir Berkeh-ye Soltan 15.5
49 Bastak Harang 8
50 Bastak Gowd Kaz 42
51 Parsian Parsian 45
52 Parsian Yord-e Qasemali 30
53 Bandar Lengeh Bostaneh 7.2
54 Bandar Lengeh Dezhgan 0.5

3.2. Occurrence and Spatial Distribution of Nitrate

An approach to water resources management is to analyze land-use effects on the
spatial distribution of pollutants and, consequently, water quality. A variety of software
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programs are currently available to monitor groundwater and evaluate the risks associated
with pollutants. In general, using GIS software, can effectively analyze, intercept, display
spatial data, and monitor various environmental pollutants [39]. Our results obtained by
ESRI ArcGIS are presented in Figure 2. Figure 2 show the spatial distribution of nitrate
concentration in the drinking water of Hormozgan province. The highest nitrate values
were observed in the west of Hormozgan in Parsian County. However, there is a patchy
distribution of high nitrate levels in the province’s center in Bandar abbas, Rudan, and
Hajiabad countries. Sewage discharge in Bandar Abbas county and routine nitrate fertilizers
in the agricultural sector in Parsian, Hajiabad, and Rudan counties may be the reason for
high nitrate in these areas. High nitrate levels in the groundwater may also be due to the
leaching of animal wastes, especially in rural areas. Most of the excreta of the domestic
animals are not properly disposed of, and excreta, dung, and urine produced by animals
constitute a potential source of nitrate contamination in the groundwater. Therefore,
agricultural management and sewage disposal in this province should be considered.
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Figure 2. Spatial distribution of nitrate concentration in the drinking water of Hormozgan province.

Further analysis of this behavior by the Shapiro-Wilk normality test showed that
the distribution of nitrate concentration in Hormozgan province is not normal (p < 0.05).
The comparison of the mean values of nitrate concentration in the country of Hormozgan
province (Figure 3) showed that, with a 95% confidence interval, there is no significant
difference in mean levels of nitrate in different counties (p < 0.05). The hierarchical cluster
analysis (HCA) is an algorithm that sequentially pairs variables based on their similarity
with the other group’s variables. In the current study, HCA showed that the Yord-e-
Qasemali region in terms of nitrate concentration had a slight similarity with other regions
(Figure 4).

3.3. Exposure Assessment and Risk Estimation Results

Investigating the association between nitrate levels in potable water and non-cancer
risk is a question to consider in the study area. In order to assess the non-carcinogenic
risks from nitrate presence in water, the EDI and HQ for infants, children, teenagers, and
adults via ingestion exposure were calculated [42]. The fractionation of the population
was performed according to the potential risks each age group may face if exposed to high
nitrate levels. The EDI and HQ results analyzed in different age groups and per region
are illustrated in Figures 5 and 6, respectively. The highest EDI at 1.32 mg/kg/day was
associated with the town of Parsian for infants. The EDI for children, teenagers, and adults
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ranged between 0.18-1.3, 0.09-0.7, and 0.06-0.4 mg/kg/day. Consequently, the calculated
HQ values were less than 1 for all regions and all age groups in this study. More specifically,
the HQ values for infants throughout the Hormozgan province were close to each other,
while the HQs for both infants and children were two-fold higher than teenagers and
2.9 times higher than adults.
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Figure 6. HQ Values for exposure to nitrate in cities of Hormozgan province in different age groups.

The current work results for HQ are consistent with the results of Qasemi et al. in the
rural regions of Gonabad and Bajestan, Iran [43]. Since it was found that the HQ values were
less than 1 for all age groups and counties, we suggest that exposure to nitrate through
drinking water in the long term does not appear to threaten human health. However,
infants are at more risk for the non-carcinogenic effect of nitrate as they consume more
water per unit of body weight than teenagers and adults [44].

Furthermore, Gholami et al. conducted a study on groundwater nitrate contamination
and its human health risk in the Ilam city, Iran. They also showed that children were at
higher risk than adults [45]. The underlying reason for extensive research on this indicator
is that several epidemiological studies have demonstrated a strong (positive) correlation
between nitrate exposure and cancer risk. Nitrate in the drinking water of the United States
and the United Kingdom was associated with colon and bladder cancer [46,47].

Therefore, investigating the association between nitrate levels in potable water and
cancer incidence is a question to consider in the study area. Table 3 shows the comparisons
between nitrate and HQ concentrations for the different provinces of Iran.
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Table 3. Comparative study of nitrate contamination in groundwater of Iran country.

Province

Number of Samples

NOj3 Concentration (mg/L)

HQ Ref.

Kurdistan

Hamadan

Razavi Khorasan

Golestan

Kurdistan

Fars

Sistan, and Baluchistan

Hormozgan

60

26

30

58

45

70

66

54

36.06 + 14.32

24.02 +£12.11

5.7-25.4 (mean = 12.58)

Wells = 1-36 (mean = 16.8)
Springs = 5-51 (mean = 22.7)

2242 +11.44

Cold season = 26.95 £+ 17.03

Warm season = 24.88 4+ 15.88

6.15 + 6.15

7.37 £ 5.61

Infants = 0.90
Children = 1.17
Teenagers = 0.90
Adults = 0.70
Children = 0.854
Adults = 0.529
Infants = 1.79
Children = 1.68 Adapted from [50]
Adults = 0.64
Infants = 0.94
Children = 0.88 Adapted from [43]
Adults =0.33
Infants = 0.56
Children = 0.72
Teenagers = 0.56
Adults = 0.43
Children = 0.75
Teenagers = 0.61
Adults = 0.66
Children = 0.57
Teenagers = 0.47
Adults =0.5
Infants = 0.33
Children = 0.31
Teenagers = 0.31
Adults = 0.30
Infants = 0.35
Children = 0.35
Teenagers = 0.18
Adults =0.12

Adapted from [48]

Adapted from [49]

Adapted from [51]

Adapted from [10]

Adapted from [52]

This study

3.4. Results of the Probabilistic Approach

In the deterministic approach (US EPA method), fixed values estimate health risk,
but inherent uncertainty was not considered. Therefore, a probabilistic approach was
employed using the Monte Carlo technique to address the uncertainty. Figure 7 show
the health risk assessment results using the Monte Carlo simulation. The Monte Carlo
simulation results show that the HQ50 values for all age groups were below 1, indicating
that prolonged exposure to nitrate in drinking water could not threaten the population
health in Hormozgan cities. Besides, the HQ95 values for infants, children, teenagers,
and adults were 1.34, 1.22, 0.77, and 0.40, respectively. Therefore, based on HQ95 results,
exposure to nitrate levels of 21.0 mg/L or more in drinking water can threaten infants” and
children’s health, respectively.
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Figure 7. HQ Histogram: (a) Infants; (b) Children; (c) Teenagers; (d) Adults.

The sensitivity analysis results showed that nitrate concentration and water consump-
tion positively influenced health risk (Figure 8). In contrast, the toxicity of nitrate was
adversely affected by body weight. Climate conditions and physical activities can increase
the nitrate non-carcinogenic risk due to enhanced water consumption. Hence, the result
may be an increased risk of nitrate exposure from drinking water.
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Figure 8. Results of sensitivity analysis: (a) Infants; (b) Children; (c) Teenagers; (d) Adults.
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4. Conclusions

This study aimed to evaluate the health risk of nitrate in drinking water in Hormozgan
province. Our findings showed that the nitrate levels were lower than the WHO guideline,
which constitutes excellent news for the burdened water resources of this arid region and
the end-consumers. Additionally, the deterministic approach for health risk assessment
demonstrated that the HQ values were below 1 for all age groups in all regions, indicating
a low possibility of non-carcinogenic risk. However, the probabilistic approach results
revealed that HQ95 was above 1 for infants and children. Hence, concerning exposure
to nitrate in drinking water, we estimate that a threshold concentration of 21.0 mg/L or
more can threaten infants’ and children’s health, howbeit, the WHO recommends nitrate
concentrations below 50 mg/L.

Furthermore, the sensitivity analysis findings revealed that the levels of nitrate and
water consumption positively impacted the health risk. Therefore, it is imperative to
implement a water resources management program in the study area, as such an action
can actively reduce nitrate concentration and enhance drinking water quality for the
local population.
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