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Abstract: At present, due to shortage of water resources, especially in arid and semiarid areas 
of the world such as Iran, exploitation of groundwater resources with suitable quality for 
drinking is of high importance. In this regard, contamination of groundwater resources to 
heavy metals, especially arsenic, is one of the most important hazards that threaten human 
health. The present study aims to develop an approach for presenting the groundwater 
quality of Sirjan city in Kerman Province, based on modern tools of spatial zoning in the 
GIS environment and a fuzzy approach of evaluating drinking water in accordance with the 
standards of world health organization (WHO). For this purpose, qualitative data related to 22 
exploitation wells recorded during 2002 to 2017 were used. In addition, fuzzy aggregate maps 
were prepared in two scenarios by neglecting and considering arsenic presence in groundwater 
resources. The results showed a decrease in groundwater quality over time. More speciically, 
neglecting the presence of arsenic, in 2002, all drinking wells in the area were located in an 
excellent zone, while in 2017 a number of operation wells were located in the good and medium 
zone. Also, the inal map, considering the presence of arsenic as a limiting factor of drinking 
water, indicated that parts of the southern regions of the plain would be the best place to dig 
wells for drinking water. Therefore, the use of new methods can contribute signiicantly to the 
usage of groundwater aquifers and provide a good view of the aquifer water quality.
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Introduction

Sustainable water resources management is a 

global critical concern that afects many countries. 
Only 3% of the total water on Earth is regarded as 

freshwater resources, of which 30% is accessible 

approximately as groundwater. This water is vital 

for the ecosystem, human health, energy industry 

and other water-reliant matters (Shiklomanov, 

1993).

The increase rate in agricultural, urban, and 

industrial activities has encouraged scientists 

toward environmental issues particularly water 

pollution (Gharibi et al. 2012). Wastewater 

contains various heavy metals including Cu, 

Zn, Pb, Cd, Ni, As, Al, depending on the type of 

associated activities (Singh et al. 2010). Potential 

contamination of food chain, which is induced 

by these elements accumulating in groundwater, 

endangers human health and ecosystem safety (Xin 

et al. 2008). 

The socio-economic conditions of the arid 

countries such as Iran may be seriously inluenced 
by the environmental effects on the groundwater 

contaminations. Hence, it is important to under-

stand the water chemistry to investigate the quality 

of water resources for comprehending its suitability 

for various requirements (Subramani et al. 2005)

The springs, hand-dug wells, and deep wells 

are used for drinking purpose in Iran. However, in 

most other countries, naturally occurring arsenic 

is in charge of drinking water contamination 

(Mosaferi et al. 2003). Hence, a large group *
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of people can be affected by water pollution. 

In sonsideration of the high public health risk 

included in drinking water consumption with 

high arsenic levels, monitoring water resources is 

essential to guarantee community health.

The only freshwater source in Sirjan Plain, as 

the case study of the present work, is groundwater 

available for drinking purpose. In this area, the 

groundwater is extensively consumed for irrigating 

the agricultural farmlands (mostly pistachio) 

and as the drinking water source for livestock 

(Khodabakhshi, 2015; Shahidasht and Abbasnejad, 

2011). Thus, threats related to public health as well 

as productivity and quality of the agricultural crop 

using the As-contaminated groundwater are serious 

challenges (Dehbandi et al. 2019).

Therefore, it is important to know the spatial 

distribution and quality of groundwater in the area 

in terms of arsenic contamination and to identify 

areas with high arsenic concentration. Due to 

these issues, it is difficult to find the right place 

to drill a well with good quality. Considering the 

high cost of drilling wells, it is necessary to make 

a proper decision by identifying and investigating 

the factors effective in determining the location 

of the well to drill the with greater assurance for 

supplying the desired-quality water.

The present study was conducted regarding 

the importance of using uncertainty in making the 

decision on groundwater parameters and lack of 

any geographic Information systems (GIS) study 

on the qualitative zoning of groundwater resources 

in Sirjan plain from the fuzzy perspective of WHO 

for drinking water.

Since fuzzy logic is able to relect human 
understanding and expert knowledge, it is a 

promising instrument for developing environmental 

indices (Vadiati et al. 2016). Moreover, it can cope 

with uncertain non-linear and ambiguous datasets. 

This approach becomes even more tangible to the 

public, managers, and non-experts by the linguistic 

format of the model (Gharibi et al. 2012).

A recent increase in fuzzy model applications 

in water quality investigation shows that fuzzy-

rule-based models are effective for solving water 

resources problems (Liou et al. 2003; Lermontov 

et al. 2009; Ocampo-Duque et al. 2013; WANG 

Wen-chuan et al. 2014). For further details on 

fuzzy logic, please refer to Cameron and Peloso 

(2001), Dixon et al. (2002), Mitra et al. (1998), 

and Yen and Langarria (1998). Several attempts 

have been made to investigate water quality 

through fuzzy logic, some of which are provided in 

the following. Muhammetoglu and Yardimci (2006) 

assessed groundwater pollution levels in Kumluca 

Plain of Turkey using the fuzzy logic approach by 

developing Water Pollution Index values. They 

concluded that a more tangible and objective way 

of water quality classiication is provided by the 
fuzzy logic method.

The use of the fuzzy set theory was evaluated 

by Samson et al. (2010) for decision making 

in groundwater quality assessment for drinking 

purpose using the Kriging technique to interpolate 

the chemical and physical water quality parameters. 

Saberi Nasr et al. (2013) used Fuzzy Water 

Quality Index (FWQI) to investigate the degree 

of drinking water resources in Yazd Province, 

Iran.They concluded that the suggested Index can 

be an effective instrument for decision-making 

and environmental issues. Chang et al. (2001) 

compared the performance of the fuzzy synthetic 

evaluation approach in a comparative study to 

identify water quality with results achieved from 

traditional approaches.

1 Materials and methods

1.1 Fuzzy spatial analysis technique

In the fuzzy spatial model, based on the 

functions and design and the possibility of the 

particular membership categories, input points are 

denoted as 1 and 0. The numerical range of 0 to 

1 shows possible membership levels in the map 

(Zadeh, 1973). The fuzzy model is implemented in 

two steps of determining the membership function 

and integrating the membership values of these 

functions using fuzzy operators. The purpose of 

defining a membership function for a factor is 

to gradually and continuously weigh that factor. 

In this way, it is possible to obtain the weight of 

each pixel based on the value of the membership 

function of that pixel in the fuzzy set.

To fuzzify the raster parameters, the experts' 

opinions and scope deined by the standards (WHO, 
2011) were utilized to create the GIS maps of 

membership functions of all parameters based on 

drinking water quality restrictions. In this study, 

the fuzzy gamma operator was used to combine 
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the maps because of the simultaneous decreasing 

and increasing effects and the ability to vary the 

amount of decreasing and increasing efects.

1.2 Study area

Sirjan city is located in Kerman Province in 

the southeast of Iran. It has a population of about 

324 000 and its economic system is based on 

agricultural and industrial activities. The major part 

of drinking and agricultural water consumption 

in the region is supplied through groundwater 

resources of Sirjan Plain and 98% of the water 

supplied from the aquifer is used for agricultural 

activities. 

Sirjan plain with the area of about 3 982 km
2
 

is located within the coordinates of 54° 57′ to 
56° 26′ E and 28° 47′ to 29° 58′ N. The study 
area is a part of the Central Plateau of Iran basin. 

Sirjan is the largest city in the area situated in 

the center of the plain. The region has a semi-

arid climate with a minimum temperature of 4.3 

℃ in January and a maximum temperature of 
almost 27.8 ℃ in July. The area has an average 
potential evaporation of 3 250 mm annually. The 

area has a humidity range of 27% to 48% and the 

average annual precipitation of almost 156 mm 

(Rahnama and Mirabbasi, 2010). The minimum 

and maximum heights of the area are 1 650 m and 

3 813 m above sea level, respectively (Mirabbasi 

and Eslamian, 2010). The basins and streams in 

the east and northeast constitute the major recharge 

zone of Sirjan Plain. In this plain, groundwater is 

utilized for diferent purposes including drinking, 
agricultural, industrial and domestic requirements. 

The groundwater depth level differs across the 

plain surface. This depth varies from the maximum 

of 140 m to less than 20 mas a function of the 

exploitation circumstances of the aquifer and the 

topography and physical properties of the soil. 

Fig. 1a, Fig. 1b, and Fig. 1c represent the location 

of Kerman Province in Iran, the location of Sirjan 

plain in Kerman Province, and groundwater 

sampling sites of the study area, respectively.

1.3 Sampling the groundwater resources In this study, groundwater sampling stations 

were distributed over the entire basin and selected 

Fig. 1 a. The position of Kerman Province in Iran; b.The position of Sirjan Plain in Kerman Province; 

and c. Groundwater sampling sites
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from available water resources to determine 

appropriate areas for drinking water analysis. In 

total, 22 groundwater specimens were gathered 

from drilled wells in the study area in June 2017. 

The sampling locations are presented in Fig. 1c. 

Water samples were taken after pumping for at 

least 15 min and kept in pre-washed low-density 

polyethylene bottles (1 000 mL). Then, each 

sample was split into two parts. One part (100 mL) 

was acidified by pure nitric acid to pH 2 for As 

analysis. The second part (100 mL) was kept un-

acidiied for major ion analysis. The samples were 
measured in laboratory experiments by means of 

Inductively Coupled Plasma-Mass Spectrometry 

(ICP-MS).

2 Results and discussion

2.1 Analysis of samples 

Table 1 represents the descriptive statistical 

measures of the groundwater samples based on 

the Institute of Standards and Industrial Research 

of Iran (ISIRI, 2010) standards and the World 

Health Organization (WHO, 2011). The extensive 

range in ions concentration in the groundwater 

samples strongly relies on the hydrogeochemical 

and geological characteristics of the area (Herath 

et al. 2016; Ballantyne and Moore, 1988). The 

major ions found in groundwater include Ca
2+

, 

Mg
2+

, Na
2+

, K
+
, HCO3

-
, SO4

2-
, and Cl

-
 (Table 1) 

with the average concentrations exceeding the 

WHO guideline for drinking waters, except for 

K
+
 and HCO3

-
, (WHO, 2011). It is observed that 

there is a diference between the mean and median 
values representing the irregular distribution of 

the elements. The statistical distributions of Ca, 

HCO3

-
, K, and As values are consistent with the 

irregular distribution. Such an irregular distribution 

indicates a normal or unnormal process affecting 

it and transforming it from the normal to the 

unnormal status.

Table 1 The statistical summary of physicochemical parameters of groundwater samples

a. Overall dissolved solids         b. Overall hardness        c. Electrical conductivity

d. World Health Organization (2011) guideline value for drinking water       e. Institute of Standards and Industrial Research of Iran (2010)

Parameter Unit Minimum Maximum Mean Median
Std. 

Deviation
Skewness WHOd ISIRIe

Ca

(mg/L)

71 600 177.73 126 130.038 1.997 200 300

Na 166 2 235 872.59 594 618.739 0.85 200 200

mg 28 224 97.32 82.5 58.836 0.885 50 30

K 1 44 11.73 10 8.708 2.605 12 -

Cl 89 4 046 646.82 250 999.376 2.498 250 250

SO4 168 1 205 618.05 548 306.952 0.464 250 250

HCO3 110 306 190 187.5 35.765 1.05 500 -

TDS
a

763 8 171 3 182.23 2 275.5 2 131.565 0.977 500 1 000

TH
b

268 2 045 936.55 796 536.783 0.801 - 500

EC
c

(µmho/cm) 1 177 12 423 4 886.36 3 504.5 3 250.961 0.962 1 500 -

AS (µg/L) 1 195 57.14 38.5 63.838 1.318 10 10

2.2 Spatial distribution of water quality 
parameters

To assess the spatial distribution of water 

quality parameters in 2017, the zoning map was 

prepared using the Inverse Distance Weighting (IDW) 

technique in ARCGIS10.1 (Fig. 2a-Fig. 2b).

It is seen that the maximum concentration 

of Ca
2+

, Mg
2+

, Na
2+

, K
+
, SO4

2-
, Cl

-
, TDS, TH, 

and EC occurs in the western and northwestern 

regions. A major cause of high concentrations 

of these elements in this regions, is the local 

inverse direction flow from Salt Groundwater 

Desert (KafehNamak) to Sirjan aquifer due to 

overpumping of groundwater(Rahnama and 

Mirabbasi 2010). Fig. 3 is  an example of mean 

average of EC changes during the years 2002 to 

2017. As can be seen, salinity has an increasing 

rate during time.
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Fig. 2a The distribution map of Ca (a), Mg(b), Na(c), K(d), SO4(e) and Cl(f) in the groundwater of Sirjan 

Plain in 2017
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Fig. 2b The distribution map of HCO3 (g), AS (h), TDS (i), TH (j), and Ec (k) in the groundwater of 

Sirjan Plain in 2017

Fig. 3 Mean EC changes in the groundwater of Sirjan Plain (2002-2017)

Moreover, the HCO3 ranges from 110 mg/L in the 

northwest to 306 mg/L in the northeast of the plain. 

According to the bicarbonate concentration map 

(Fig. 2b-g), this parameter is inversely proportional 

to the calcium level. Where Ca concentration is high, 

bicarbonate concentration is low and vice versa, 

which is related to calcite precipitation.

As shown in Fig. 2b-h, in the groundwater 

samples, the range of arsenic concentration varies 

from 1 μg/L to 195 μg/L, with an average of 57.14 

μg/L (Table 1). These values exceed the values of 
the Institute of Standards and Industrial Research 

of Iran (ISIRI) and WHO guidelines for As in 

drinking water (WHO, 2011; ISIRI, 2010). Hence, 

a serious threat to natural ecosystems and public 

health can be created by this element in groundwater 

of the study area. The highest concentration of 

arsenic was found in the northeast of the plain and 

some of its central parts, with a reducing trend 

toward the south and north of the plain. 
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2.3 Fuzzy maps of groundwater quality 
parameters

In this work, considering the ability of the 

fuzzy set in the decision-making process, the 

raster maps of the water quality parameters were 

converted to the fuzzy raster maps using an 

incremental-linear membership function (Fig. 4a 

and Fig. 4b). In incremental mode, the membership 

of 0 is assigned to all the values less than the 

minimum and the membership of 1 is given to 

all values greater than the maximum. Finally, the 

values between minimum and maximum linearly 

receive membership between 0 and 1.

2.4 Layer combination
 

Due to the arsenic contamination of Sirjan 

plain groundwater resources and the importance 

of providing healthy drinking water to the people 

of the region and assessing the changes in water 

quality over the past 10 years, fuzzy combined 

maps were prepared in two scenarios without 

arsenic presence in groundwater resources (2002 

and 2017) and with the presence of arsenic (2017). 

It is noteworthy that due to the lack of measured 

arsenic data in 2002, this element was ignored in 

overlapping the layers.

The final maps, depending on the weight 

of each pixel to better display and identify the 

appropriate water supply areas, were classified 

into ive categories of excellent, suitable, medium, 
poor, and very poor. The location of drinking water 

wells in the area is also shown on the maps (Fig. 

5-Fig. 7).

In Fig. 5, the results of fuzzy overlapping the 

water quality parameters in 2002 show that only 

small areas of the western and northwestern plain 

were in the medium, poor, and completely poor 

Fig. 4a The fuzzy maps of Ca (a), Mg (b), Na (c), K (d), SO4 (e) and Cl (f) in the groundwater of Sirjan 

Plain based on WHO
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Fig. 4b The fuzzy maps of HCO3(g), AS(h), TDS(i), TH(j) and Ec(k) in the groundwater of Sirjan Plain 

based on WHO

classes while the other parts of the plain were 

in excellent zone in terms of quality and all the 

drinking water wells are in the excellent zone.

The qualitative classification map for 2017 

without considering arsenic contamination is 

shown in Fig. 6. Comparing map 5 with map 6, 

we understand that the groundwater quality has 

declined over time, in the northwest and west of the 

plain, since some wells in the northwestern part of 

the plain are in the medium zone. Recent decades 

of droughts and exploitation of groundwater by 

villagers in the area for crop cultivation have 

reduced the water level and the entry of saline 

water from the Sirjan Desert into the alluvial 

aquifer of the plain. As a result, groundwater 

quality has considerably declined in the study area.

Moreover, the final map considering the 

presence of arsenic as a limiting factor of drinking 

water quality (Fig. 7) shows that parts of the 

southern areas of the plain are the best place for 

drilling drinking water wells. In Sirjan plain, 53 

wells were drilled by the Water and Wastewater 

Company to supply drinking water to urban and 

rural areas. As shown in Table 2, currently, 18.9% 

of drinking water wells are located in the very 

poor zone, 17% in poor, 41.5% in medium, 3.7% 

in suitable, and 18.9% in the excellent zone. 

Therefore, it is necessary for the authorities to take 

essential steps toward the provision of healthy 

drinking water to the people of the region. In 

addition, 23.4% of the area is located in excellent 

zone, 6.4% in the suitable zone, 19.6% in the medium 

zone, 21.3% in poor zone, and 29.3% in very poor 

zone in terms of drinking water quality (Table 2).
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Fig. 5 The groundwater quality zoning for drinking water on WHO in 2002

Fig. 6 The groundwater quality zoning for drinking water based on WHO in 2017
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Quality Percentage of drinking water wells (%) Area percentage (%)

Excellent 18.9 23.4

Appropriate 3.7 6.4

Medium 41.5 19.6

Poor 17 21.3

Very poor 18.9 29.3

Table 2 The percentage of drinking water wells in terms of groundwater considering arsenic 

contamination in 2017
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Fig. 7 The groundwater quality zoning for drinking water with Arsenic based on WHO in 2017

3 Conclusions

It is not possible to take samples in all parts of 

the study area at small intervals. In contrast, it is 

obvious that the reliability of spatial distribution 

maps of pollutants and elements has a very vital 

role in water resource management. Therefore, in 

this research, for the irst time, the spatial analysis 
of the groundwater quality of Sirjan plain for 

drinking purpose was performed concentrating 

mainly on arsenic concentration using a fuzzy 

approach based on WHO standards.

For this purpose, qualitative data related to 22 

exploitation wells were utilized to investigate Na
+
, 

Cl
-
, Mg

2+
, Ca

2+
, K, HCO3

-
, TH, TDS, EC, SO4

2-
, 

and As concentrations recorded within 2002-2017. 

Moreover, fuzzy aggregate maps were arranged in 

two scenarios by ignoring and taking into account 

the arsenic presence in groundwater resources. 

A reduction in groundwater quality was inferred 

through the obtained results.

The fuzzy overlapping results of water quality 

parameters in 2002 show that all the exploitation 

wells for drinking water are in an excellent zone.

Similarly, the qualitative classification map 

of 2017, regardless of arsenic present, showed 

that the groundwater quality declined in the 

northwest and western regions of the plain over 

time. Some of the exploitation wells located in 

the northwestern plain are in medium class in 

terms of quality. Recent droughts, as well as the 

exploitation of groundwater by villagers in the 

study area for crop cultivation, reduced the level 

of water and the arrival of saline water from the 

Salt Sirjan Desert into the alluvial aquifer of the 

plain, consequently reducing the groundwater 

quality. Furthermore, the final map considering 

the presence of arsenic as a limiting factor of 

drinking water quality showed that parts of the 

southern areas of the plain are the best place for 

drilling drinking water wells. Presently, 18.9% 

of the drinking wells are located in the very 

poor zone, 17% in the poor zone, 41.5% in the 

medium zone, 3.7% in the suitable zone, and 

18.9% are located in the excellent zone. Thus, 

it is necessary for the responsible authorities to 

take the essential measures to supply healthy 

drinking water to the people of that area. There-

fore, considering the contamination of the 

groundwater resources of Sirjan plain with 

arsenic and the necessity of providing healthy 

drinking water for the people of the region, it 

is possible to identify places appropriate for 

drilling new drinking water wells with the help 
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of fuzzy zoning map, and recognize the statues 

of the previous wells located in the area with 

unappropriatequality. Consequently, this spatial 

distribution map can be efective in groundwater 
supply and ofering a good vision of groundwater 
qualitative trends in the study area.
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