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Abstract: Presenting groundwater quality assessment for different usages using one index is helpful
to monitor the quality of this invaluable resource and reduce the cost of freshwater production,
particularly in arid and semi-arid regions. The drinking groundwater quality index (DGWQI) is
one the best indicators for groundwater quality assessment. Therefore, the purpose of the present
research was to assess and map the groundwater quality of an aquifer for freshwater production
in a semi-arid region, using GIS-based spatial analysis of DGWQI. For this goal, mean data from
70 wells collected during 2010-2018 were used. Results showed that total dissolved solids (TDS),
electrical conductivity (EC), and total hardness (TH) had the highest impact on groundwater quality
that exceed the permissible range for drinking purposes. Results also revealed that 42% of samples
had a DGWQI value between 0 and 100 (appropriate quality class). Sensitivity analysis determined
that Mg2+, EC, and TDS with highest mean variation indexes of 18.98, 20.68, and 19.04, respectively,
were the most sensitive parameters in the calculation of DGWQI. According to R? and RMSE, the
ordinary kriging and spherical semi-variogram model had good performance for spatial analysis for
all DGWQI, Mg?*, EC, and TDS. The DGWQI map showed that in the southern parts the groundwater
(50% of the area) had unsuitable quality for drinking.

Keywords: kriging; variogram; carbonate formation; mapping

1. Introduction

Groundwater is a vital natural resource in the arid and semi-arid regions [1-4], where
freshwater for human consumption is generally scarce [4-6]. Due to rapid population
growth, the need for fresh water is increasing worldwide [7-9]. However, freshwater
resources are limited, and their distribution is heterogeneous. In Iran, a shortage of fresh-
water resources is an obstacle to economic, social, and cultural development [3,10-12].
Groundwater is considered the critical resource of water for potation, agriculture, and
industry in Iran. Assessment of groundwater quality requires the application of tools and
techniques due to the abundance of quality data. One of the well-known methods for as-
sessing groundwater quality for drinking is to use the drinking groundwater quality index
(DGWQI) [13,14]. In this method, the influence of water quality indicators is presented as
a single number (indicating the quality of groundwater). The WHO quality standard for
drinking water is commonly used in the calculation of DGWQI [15-18]. In some countries,
DGWQI has been introduced into legal acts and is often used by the authorities supervis-
ing water quality. The advantage of DGWQI over other evaluation approaches is that it
identifies the overall state of water quality without conducting an individual interpretation
of particular factors [4,10].

One of the main problems in assessing groundwater quality is the impossibility of
sampling from all locations [19]. One of the appropriate solutions in spatial analysis of
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environmental data is the use of interpolation methods, called geostatistics in GIS [1,20-22].
Kriging is one of the best geostatistical methods that uses semi-variogram information to
estimate variables in non-sampled points [20,21].

There have been many studies on the use of the DGWQI around the world [18].
However, very few studies have been conducted in the evaluation of geostatistical anal-
ysis of this index, especially in Iran. Sandra-Kumar et al. [7] assessed the groundwater
quality of Rajam (India) using GWQI. The pH, EC, turbidity, chlorine, and total hardness
parameters were considered to calculate the GWQI index. The results showed that ac-
cording to the GWQI index, the groundwater was of poor quality for drinking. GIS and
Geostatistic have been widely used for mapping the groundwater contamination [23,24].
Mohebbi et al. [25] investigated the groundwater quality of urban areas in Iran for drink-
ing using the DGWQL. In this study, 23 water quality indicators were selected as input
parameters. According to the results, about 95% of the groundwater was of good quality
for drinking. Ostovari et al. [4] evaluated Lordegan groundwater in Iran using the DGWQL.
They showed that the groundwater quality decreased from the north to the southwest of
the study site due to intensive agricultural activities, geological formations, and municipal
wastewater. Soleimani et al. [26] evaluated Qorveh and Dehgolan groundwater quality in
Kurdistan province based on the DGWQI using data from 50 wells and, nine physicochem-
ical parameters were measured for calculating the DGWQI. Results showed that 36% of the
samples had excellent water quality, and 64% of the samples fell into the good quality class
for drinking purposes. Bidhuri and Khan [27], using the interpolation model mapping,
showed that the water quality index (WQI) of Delhi was unpotable for domestic usage.

Currently, there have been no published works for assessing the drinking groundwa-
ter quality index (DGWQI) using the GIS-geostatistical method in southern Iran. Hence,
the goal is to evaluate the groundwater quality of the Marvdasht aquifer and conduct its
geostatistical analysis. The Marvdasht aquifer is the most vital aquifer in the Fars Province
of Iran, which supplies drinking water for three cities and hundreds of villages with more
than 500,000 people. Hence, the objectives are as follows: (1) to investigate the Marvdasht
groundwater’s suitability for drinking using DGWQYI (2) to identify the sensitive parame-
ters for DGWQI calculation; (3) to conduct the geostatistical analysis of the DGWQI and its
important parameters, and (4) to map the DGWQI and its important parameters.

2. Materials and Methods
2.1. Study Area

Marvdasht plain, which is located in semi-arid region of Fars, southern Iran (Figure 1a,b)
(29°190’-30°200" N and 52°150'-53°270’), with an area of around 3900 km? (~160 x 24 km)
has an average precipitation and temperature of 291.7 mm and 17.5 °C, respectively [3]
(Figure 1c). The main crops in this region are wheat, rice, and maize, and Inceptisols,
Entisols, and Aridisols are the most common soil types [28]. Therefore, soils are mainly
calcareous with an average CaCO;52 of 45%. According to studies in the study site [1-3],
the mean of the soil water infiltration varies between 0.8 to 3.4 cm h~1.



Water 2021, 13, 3024

30f16

G60000 20000
M 5

kAT
360000

I300000
3300000

Mar

+  Sampling wells
- Agulfer
A [] marvdasht Prain

Elevation {(m)
ey 118

May [
W 153
(C) Aug Jun

Tl 0510 20 30

ST L [ — ]
-&—Precipitation [mm] —*—Temperature [-C] ?' km -E
b : : 8

60000 20000

Figure 1. Location of study area in the Marvdasht plain (UTM), northeast Fars province in Iran (a),
distribution of sample points (b) and average monthly precipitation and temperature (from 2001 to
2018) (c).

2.2. Marvdasht Aquifer

The Marvdasht aquifer with an area of 1986.4 km? is located in the center of the study
site and extends from the northwest to the southwest [3]. The groundwater flows from
high altitude in the north to the altitude in the south, where there isa high amount of salt
and carbonates, causing lower groundwater quality. In the present study, all water samples
were collected from an integrated aquifer, which is shown in Figure 1c. According to the
report of the Ministry of Power of Iran [2,29], the groundwater level varied from 20 m in
the north of the site to 45 m in the south of the site with an average of 35 m [3].

2.3. Geology of the Study Site

The altitude of the study area varies in the range of 1500-2460 m with a mean of 2070 m
above sea level [2,3]. The slope of the study site varies from 0 in the central parts of the
site to 76% in the mountainous regions, which are found mainly in the north of the study
site. As shown in Figure 2a, the Marvdasht aquifer extends into the flat parts, having
less than 10% slope. As presented in Figure 2b, the studied aquifer is located in the alluvial
formation, covering from north to south of the site. Bakhtiyari and Hormuz [1,2], which
have high amount of calcium carbonate, are the typical geological formations in the study
site [29]. The center of the study area is a flat plain with intensive agricultural activities,
while the elevated zones of the study area are predominantly mountainous [29].
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Figure 2. Slope map (a) and geological map (b) of the study site.

2.4. Sampling and Analysis

For investigating the groundwater quality, water samples were collected from 70
agricultural, industrial selected wells, and aqueducts, which are located across the study
site far from cites or other pollution sources, during 2010-2018, mainly in 2015 and 2018
(Figure 1b). The samples were collected form pumped wells, which provide water for
irrigation. During the sampling period (2010-2018), due to not pumping the water, a few
wells were sampled two or three times; however, most of the wells were sampled at
least four times. Hence, in this study, we used the mean quality data of this sampling
period (2010-2018). Due to the effects of long-time sampling on the biological water
quality indicators, only 11 chemical water quality indicators (presented in Table 1) were
obtained according to the APHA (1998) standard; however, the sample were kept in the
cool boxes and transferred to the lab as soon as possible. Therefore, biological aspects of
groundwater quality were considered in the present study. EC and pH were determined
using a pH-EC meter. The amount of total dissolved solids (TDS) was measured based on
the weighing method [1,2]. Chloride (C17) was measured via titration with AgNO;. Flame
photometry was used for sodium (Na*) and potassium (K*) and, titration with EDTA and
sulfuric acid was applied for calcium (Ca?*), magnesium (Mg?*), and bicarbonate (HCO3 ~),
respectively [30]. The sulfate (SO42~) level was obtained using the spectrophotometry
method. The total hardness (TH) and total alkalinity (TA) were determined according to
Boyd [31] as follows:

TH (mg/L) = (Ca%" + Mg?") x 50 (1)

TA (mg/L) = (HCO3~) x 50 @)

where Ca?*, Mg2+, and HCO; ™ are calcium, magnesium, and bicarbonate (meq/L).
Prior to statistical analysis, the charge balance error (CBE) index was used for the
investigation of the accuracy of data as follows:

Y- (Cations — anions) o
Y_(Cations + anions)

CBE (%) = 100 (©)]

A CBE < 5% indicates the data are acceptable for analysis [6]. A CBE of 1.3% proves
the high accuracy of chemical analysis of groundwater quality parameters [6]. Figure 3
supports Equation (3) by presenting a perfect relationship between the total sum of cations
and anions (meq/L) for all 70 groundwater samples. The hydro-chemical analysis was
carried out in Aqua software.
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Table 1. Summary statistics of physicochemical indicators of Marvdasht groundwater.
. . WHO
Parameter  Unit Mean Min Max SD cv 2017)
pH 7.53 6.9 8.0 0.2 2.8 7.5-8.5
EC puS/cm 4801.2 50.5 14,649.0 2635.1 127.1 1500
TDS mg/L 2400.7 347.2 7979.2 2823.0 117.1 1000
TH mg/L 1153.2 199.6 5480.4 1364.5 121.1 500
HCO3~ mg/L 309.1 100.0 552.1 89.6 294 300
50,2~ mg/L 301.5 13.2 1501.6 377.3 125.2 200
Cl~ mg/L 941.6 13.5 5117.7 1418.1 150.5 200
Ca%+ mg/L 217.1 52.0 838.6 235.1 108.2 75
Mg2+ mg/L 148.1 11.6 836.5 187.4 128.2 30
K mg/L 7.4 0.5 32.0 0.8 51 12
Na* mg/L 398.6 6.0 2200.4 548.8 137.7 200

pH: acidity; EC: electrical conductivity; TDS: total dissolved solids; TA: total alkalinity; TH: total hardness;
HCO;~: bicarbonate; SO42~: sulfate; Cl~: chloride; Ca%*: calcium; Mgz*: magnesium; K*: potassium;
Na*: sodium.
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Figure 3. Total sum of cations (TSC) versus total sum of and anions (TSA).

2.5. Drinking Groundwater Index (DGWQI)

The steps performed to calculate the drinking groundwater quality index are
presented below:

(I) The weight of each groundwater quality indicator (Gwi) was determined as follows:
The weight of groundwater indicators varied between 1 and 5. Weights 1 and 5 belonged
to the least and most effective indicators of groundwater quality, respectively [32]. The
relative weight (GWr) was calculated as follows:

Gwr = 7GW1 4)

n

Y Gwi
i=1
n
where Gwi was the weight of each groundwater quality indicator and ) Gwi was the sum
1
of the weight of the n indicators.
(IT) The quality ratio (qi) for a single indicator was determined as follows:
i=( Ci
= \ps,

) x 100 ©)
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where qi was the quality ratio, C; was the amount of indicator (mg/L), and DS; was the
WHO standard for the indicator, the ideal value was Cio = 0.
(III) The drinking groundwater quality index (DGWQI) was calculated as follows:

DGWQI =) GWr x qi (6)
where GWr was relative weight and qi was the quality ratio.

2.6. DGWQI Sensitivity Analysis

Sensitivity analysis was used to determine the most (or least) influential GW quality
indicator of the groundwater quality. In the present study, the removal approach [33] was
employed to check the effect indicators for the calculation of DGWQI as follows [34]:

Vi = [(DGWQI — DGWQI ,,;)/DGWQI] x 100 @)

where V,; = variation index (%) without ith indicator, DGWQI = drinking groundwater
quality index with all the 11 indicators.

2.7. Geostatistical Analysis

The maps of DGWQI and its sensitive indicators were generated by applying ordinary
kriging (OK) in ArcGIS version10.0 [35]. The semi-variogram is a geostatistical tool to
visualize, model, and interpret the spatial dependence in regionalized parameters [4]. The
simple definition of the semi-variogram is the half squared-difference variation of the
regionalized variable by distance and is a practical measure of average spatial changes [10].
Some important features to show the variogram include the following: (i) range (radius
of influence), (ii) sill (observed variance when the semi-variogram levels off at large
distances), and (iii) nugget (observed variance at zero distance) [10]. The semi-variogram
was calculated using Equation (1) [36,37].

N(h

)
Y0 = gy L (200 — 20+ 0 ®

where Z(x;), Y (h), and N(h) were measured indicators at the location of x;, the variogram
for a lag distance h between Z(x;) and Z(x; +h) and the number of data pairs, respec-
tively [38,39]. Range, sill, and nugget are important features to show the variogram [38].
The ordinary kriging (OK) was calculated as follows [37]:

N

2(xi) = Y NZ(x) 9)

i=1

where A; and Z(x;) were the weight of a particular predicted quality indicator at the selected.
OK is a weighted linear combination of the measured data [39-41].

2.8. Performance Evaluation

The performance of the variogram was tested using cross-validation. The performance
of the OK was examined with the coefficient of determination (R?) (Equation (10)), mean
error (ME) (Equation (11)), and root mean square error (RMSE) (Equation (12)).

AR (Y; — Yi)z
o, (v2) - B

RZ=1- (10)

ME Y = Y;) (11)

TN
1



Water 2021, 13, 3024

7 of 16

. 05
T (Yi— Yi)z

N (12)

RMSE = [

where N was the number of data, Y; were measured, and Y; were estimated data. Statis-
tical analyses such as description statistic and correlation were done using Statistica 8.0
software [42,43].

3. Results and Discussion
3.1. Descriptive of Groundwater Quality Indicator

A summary of chemical groundwater quality indicators is presented in Table 1. The
pH varied in the range 7.30 to 8.25 (Table 1), indicating that the groundwater is mainly
alkaline, which can be related to the dominant carbonate formations in the study site. The
EC values ranged from 50.5 to 14,695.0 uS/cm, and the average TDS was 2400.7 mg/L
(Table 1), indicating that groundwater is not suitable for potation [17]. Only 28.5% of the
samples had TDS < 600 mg/L, which is considered desirable for drinking [18].

In addition, according to Table 1, majority of the samples had TH less than the
allowable limit (500 mg/L). Accordingly, Ca?* and Mg?* varied from 52.0 to 838.6 mg/L
and 11.6 to 836.5 mg/L, respectively. Only 16% of the samples had Mg?* within the
permissible limit (<35 mg/L). The Na* varied from 6.0 to 2200.4 mg/L (Table 1). The C1~
varied between 13.5 and 5117.7 mg/L and, based on WHO guidelines [17], in 28.5% of
samples, the Cl ! exceed the maximum allowable range (600 mg/L).

3.2. Hydro-Geochemical Assessment

Piper, Stiff, and ion balance diagrams were employed to determine the main ions
and the type of water samples (Figure 4). Ion balance (Figure 4a) declares the validity
of chemical analysis (total cations = 94% of total anions). The Stiff diagram (Figure 4b)
shows that C1~ is the dominant anion (48% of the samples) followed by SO42~ (28% of the
samples) and HCO3 ™ (24% of the samples). Furthermore, the Stiff diagram indicates that
Na™ is the dominant cation followed by Mg?* and Ca?*. Ca?*, Mg?*, and Na* + K* cover
24%, 22%, and 54% of total samples, respectively. According to Honarbakhsh et al. [2], the
Marvdasht groundwater was rich in Na-CL; Mg?* was the most important cation due to
the possibility of marl formation with large quantities of dolomite. Another possible reason
for the high amount of Mg?* in Marvdasht groundwater could be the charging of the
Marvdasht via the Kor River that passes through the chalky-saline formation of Gachsaran
and transports urban sewage [1,3]. According to the Piper diagram (Figure 4b), all samples
were classified into three main water types; the dominant one was Ca-Mg-5O,4-Cl water
type that accounted for 47% of the samples. This could be due to incongruently dissolution
and weathering of carbonate materials from carbonate formations such as Asmari by
dissolved CO, that existed in the study site. The second water type was Ca-Mg-HCOj3 (42%
of the samples) followed by the water type of Na-Cl- SO, including 13% of the samples.
Honarbakhsh et al. [2] showed that the carbonate and silicate weathering process in the
Marvdasht aquifer controls the chemistry of this groundwater.
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Figure 4. Ion balance (a), Stiff (b), and Piper (c) diagrams of the Marvdasht groundwater.

3.3. Calculation of Drinking Groundwater Quality Index (DGWQI)

Table 2 shows the recommended weight values of each groundwater quality indicator
and steps of DGWQI calculation. The weight of each quality indicator was determined
based on its role in groundwater quality. The highest weight of five was assigned to TDS
due to its important role in water quality followed by TH and chloride with weights of
four, which is in line with Bawoke and Anteneh [6]. According to the average DGWQI
of 293, the groundwater of the study area is classified as non-potable. In 42% of samples,
DGWOQI values were between 0 and 100 (appropriate quality class), in 25% of samples, the
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DGWQI values were between 100 and 200 (poor class); in 10% of samples, DGWQI values
were between 200 and 300 (very poor class); and in 22% of the samples, DGWQI values
were more than 300 (non-drinking class). According to Table 2, EC with QW = 62, TDS
with QW =58, and Mg2+ with QW = 58 were the most influential indicators on DGWQI
calculation, while pH with QW = 6.1, sulfate with QW =10.5, and TA with QW =11 had
little effect on the DGWQI calculation.

Table 2. Permissible values of quality indicators for drinking based on WHO recommendations
(2011) and the relative weight assigned to each indicator.

. Weight of Relative Qualit
Parameter Unit WHO (011) Parargneters Weight (GWi) Ratio (q};) ow
pH 6.5-8.5 2 0.060 103 6.1
EC uS/cm 500 3 0.090 686 62
TDS mg/L 600 5 0.121 480 57
TH mg/L 500 4 0.121 130 16
TA mg/L 500 3 0.090 123 11
SO* mg/L 250 3 0.090 119 10.5
Cl~ mg/L 250 4 0.121 376 49
Na* mg/L 200 3 0.090 200 18
K* mg/L 12 2 0.060 61 3.71
Ca®*  mg/L 100 2 0.060 217 19
MgZ mg/L 150 2 0.060 97 58
Sum - - - 1 - -

pH: acidity; EC: electrical conductivity; TDS: total dissolved solids; TA: total alkalinity; TH: total hardness;
HCO;~: bicarbonate; SO42~: sulfate; Cl=: chloride; Ca%*: calcium; Mg2+: magnesium; K*: potassium;
Na*: sodium.

The correlation coefficient values between DGWQI and quality indicators are pre-
sented in Table 3. All groundwater indicators except TA had a significant correlation with
DGWQI (Table 3, p < 0.05). There was a relatively significant correlation between Mg?*
with C1~ and Ca?* (p < 0.05), indicating the presence of carbonate formations in the study
area [29], which is supported by Mehrjerdi et al. [12] and Kalantari et al. [44]. In addition,
Na* was significantly correlated with C1~ and Mg?* (p < 0.05). Ostovari et al. [3] reported
a significant link between Ca?* and Mg?* in the Lordegan aquifer. Similarly, Heshmati [10]
also highlighted a robust correlation between Ca?* and Mg?* with C1~ and SO,%. pH
was negatively correlated with all indicators and DGWQI, which in line with findings by
Ramakrishnaiah et al. [32] and Mehrjerdi et al. [12]. There was a strong and significant
correlation between EC and TDS and TH (Table 3, p < 0.05) due to Ca?* and Mg2+, which
are the major cations associated with the hardness and TDS, which is supported by the
results of Ramakrishnaiah et al. [32], Mehrjerdi et al. [12], and Ishaku [45]. On the other
hand, TA was correlated with TH and pH, which is in agreement with Rafferty [46] and
Mehrjerdi et al. [12].
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Table 3. DGWQI correlation coefficients with Marvdasht groundwater quality indicators.
Parameter pH EC TDS TH TA S0O42- Cl- Ca%* Mg2* K* Na*
EC —0.67 *
TDS —0.68 * 0.99 *
TH —0.53 * 0.96 * 0.97*
TA 0.24 —0.14 —0.21 —0.25
8042_ —0.53 * 0.74 * 0.87 * 0.90 * —0.21
Cl~ —0.70 * 0.98 * 0.99* 0.96* —0.23 0.81*
Ca?+ —0.69 * 0.84 * 0.96 * 0.97 * —0.34 0.87 * 0.94 *
MgZ* —0.55* 0.74 % 0.83* 0.98* —0.16 0.88* 0.84* 0.93*
K+ —0.55* 0.98 * 0.99 * 0.96 * —0.20 0.85* 0.99 * 0.95 * 0.93 *
Na* —0.66 * 0.84 * 0.97* 0.89* —0.16 0.79 * 0.87* 0.85* 0.87* 0.77 *
DGWQI —0.68* 0.99 * 0.99 * 0.98 * —-0.19 0.87 * 0.99 * 0.95 * 0.97 * 0.99 * 0.96 *

pH: acidity; EC: electrical conductivity; TDS: total dissolved solids; TA: total alkalinity; TH: total hardness; HCO3~: bicarbonate; S0,2:
sulfate; C1™: chloride; Ca%*: calcium; Mg2+: magnesium; K*: potassium; Na*: sodium. * shows the significant difference (p < 0.05).

3.4. Sensitivity Analysis

Table 4 gives the results of the indicator removal analysis for all the quality indicators.
Mg2+, EC, and TDS with the highest mean value of the variation index of 18.98, 20.68, and
19.04 were the most sensitive indicators in the calculation of DGWQIL. Jafri et al. [11] and
Bawoke and Anteneh [6] showed that high EC and TDS in groundwater were the main
indicators in Abhar. It means that these indicators had the highest influence on DGWQI.
This result was in agreement with the findings of Babiker et al. [5], Machiwal et al. [34],
and Ostovari et al. [4]. The indicators Na* (VI = 4.5) and K* (VI = 1.14) had the lowest
impact on the DGWQI calculation.

Table 4. Results of the indicator removal sensitivity analysis (VI).

Removed Parameter Mean Min Max Cv
EC 20.68 0.30 28.88 3.33
TDS 19.04 14.35 28.41 2.05
TH 8.5 5.6 14.5 35
TA 9.65 7.5 21.02 6.51
SO,42~ 3.28 1.11 8.42 1.35
Cl- 9.54 1.26 21.98 6.55
Ca?* 7.79 3.84 15.80 2.90
Mg?* 18.98 9.33 28.16 427
K* 1.14 0.38 292 0.47
Na* 4.50 0.56 9.93 2.39

pH: acidity; EC: electrical conductivity; TDS: total dissolved solids; TA: total alkalinity; TH: total hardness;
HCO;: bicarbonate; SO42~: sulfate; Cl=: chloride; Ca%*: calcium; Mgz*: magnesium; K*: potassium;
Na*: sodium.

3.5. Geostatistical Analysis of DGWQI

Figure 5 shows the best-fitted variograms of DGWQI and the parameters of EC, TDS,
and Mg2+ that had the highest influence on DGWQI. For DGWQ], EC, TDS, and Mg2+,
the variogram spherical model had the best performance, which could be due to the
high correlation between DGWQI and EC, TDS, and Mg?*. In Arsanjan groundwater, the
spherical model was the best model for TDS and pH.
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Figure 5. Semi- variograms fitted to DGWQI, EC, TDS, and Mg2+. EC: electrical conductivity; TDS: total dissolved solids;
Mg?*: magnesium; GWQI: groundwater quality index.

Table 5 gives the features of the semi-variograms for DGWQI, EC, TDS, and Mg2+. The
spatial dependency for quality indicators and DGWQI was specified via the Cy/sill ratio.
According to the Cy/sill ratio, a relatively spatial dependency (i.e., 0.27-0.44) was found
for DGWQI, EC, TDS, and MgZJr (Table 5). This means that estimations were relatively
strong and reliable in the range. The range values for EC and Mg?* were almost equal,
which could be because of the presence of dolomite stones with high Mg?*.

Table 5. Semi-variograms of DGWQ]I, EC, TDS, and Mg2+.

Sill Nugget .
Parameter Model R(an;g,e (Co+0O (Co) CC% D Spagal
m (mg/L)? (mg/L)? 0 ependency
TDS spherical 56,347 7,900,000 2,140,000 0.27 Relatively strong
EC spherical 65,530 170,000,000 5,100,000 0.30 Relatively strong
MgZ spherical 22,410 20,206 4550 0.44 Relatively strong
DGWQI spherical 49,210 130,000 19,852 0.39 Relatively strong

EC: electrical conductivity; TDS: total dissolved solids; Mg?*: magnesium; DGWQI: drinking groundwater
quality index.

Sanches [47], Mehrjerdi et al. [12], Ostovari et al. [4], and Heshmati [10] used a
spherical model to show the spatial variation pattern for Na*, S0,4%2~,HCO;~,Cl~, and
Ca%* and Mg?*.

The results of OK methodology for mapping DGWQI, EC, TDS, and Mg?* are given
in Table 6. The RZ, RMSE, and ME values of the OK for TDS and EC were close, which
could be due to the very high correlation between EC and TDS (Table 3). Several studies
have reported that the OK method is the best method for mapping groundwater quality
indicators [10,12]. Sanches [47] and Ostovari et al. [3] reported the good performance of
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the kriging method using data from 36 and 40 wells. However, the present study was
conducted using quality data from 70 wells, which provided robust results.

Table 6. The results of OK for DGWQI, EC, TDS, and Mg2+. EC: electrical conductivity; TDS: total
dissolved solids; Mg2+: magnesium; GWQI: groundwater quality index.

Parameters Interpolation Method R? RMSE ME Ccv
TDS Ordinary kriging 0.75 111.2 111 21.45
EC Ordinary kriging 0.72 132.8 15.2 17.15
Mg?* Ordinary kriging 0.68 20.3 12.3 35.32
DGWQI Ordinary kriging 0.61 22.3 9.5 24.80

EC: electrical conductivity; TDS: total dissolved solids; Mgz*: magnesium; DGWQI: drinking groundwater
quality index.

The estimated maps for all DGWQI, EC, TDS, and Mg?* by applying the OK method
are depicted in Figure 6. Spatial variations of all DGWQI, EC, TDS, and Mg?* had the same
trend; enhancing from the northeast to the southwest of the aquifer. TDS values ranged
from 376 mg/L in the northern parts to 7979 mg/L in the southern parts of the aquifer. In
the northwestern parts, the amount of TDS and EC was lower than the WHO standard for
drinking, but by moving to the south of the aquifer, the quality of groundwater in terms
of TDS and EC decreased and groundwater became unsuitable for drinking according to
WHO (2011). The EC value varied from 50.5 uS/cm in the northern parts to 14,649.5 uS/cm
in the southern parts of the aquifer. The DGWQI value varied from 46 in the northern to
1314 in the southern parts of the aquifer. Therefore, groundwater quality was appropriate
in the northern parts and unsuitable for drinking in the southern parts [32]. Geological
formations in the northern and central parts of the plain are alluvial and Sarvak limestone
(Figure 2b), which are very compact, hard, and low solubility [4,48]. The Dorodzan dam
located in the northern part of the site charges the groundwater of this area. While in
the southeast, the presence of Sarvestan sediments (gypsum-saline) and Hormoz igneous
rocks can lead to a decrease in groundwater quality [29,49]. Furthermore, in this area,
gypsum-marl formations containing gray lime and dolomite calcium and magnesium
carbonate along with evaporitic sediments reduce groundwater quality [29,50]. Therefore,
EC, TDS, Mg?*, and then the DGWQI in the southeastern parts of Marvdasht aquifer were
high. In addition to geological reasons, the recharging the aquifer by the Kor River is
another reason for the low quality of groundwater in the southern part. Furthermore, the
entry of industrial, municipal, and agricultural wastewater reduces the quality of the Kor
River, which ultimately reduces the quality of groundwater in the southeastern part of
the aquifer, which charges the Marvdasht aquifer, resulting in a decrease of groundwater
quality in that part of the site. In addition, as mentioned, the groundwater flows from high
altitude in the north to the altitude in the south, where there are high amounts of salt and
carbonates, causing lower groundwater quality.
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Figure 6. The mean groundwater drinking quality index (DGWQI) map of Marvdasht. EC: electrical conductivity; TDS:
total dissolve solid; Mg2+: magnesium; GWQI: groundwater quality index.

According to the DGWQI classification [32], Marvdasht groundwater was divided
into four classes (Table 7). The largest class (in the southeastern part of the aquifer) with an
area of 993.5 km? (50% of the aquifer area) belonged to DGWQI class >300, which puts the
groundwater quality in the non-potable class. The smallest class (in the central area of the
aquifer) with an area of 99.3 km? (5% of the aquifer area) belonged to the DGWQI class
between 200 and 300, which puts the groundwater quality in the poor class for drinking.
In the northwestern parts of the aquifer, DGWQI < 100 shows an appropriate quality for

drinking.

Table 7. DGWQI classification of Marvdasht groundwater according to Ramakrishnaiah et al. [32].

DGWOQI Class Water Quality Class Area (%) Area (km?)
0-100 Appropriate 31 615.7
100-200 Poor 14 278.04
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Table 7. Cont.

DGWOQI Class Water Quality Class Area (%) Area (km?)
200-300 Very poor 5 99.3
>300 Unsuitable for 50 993.5
drinking

4. Conclusions

This research was conducted to investigate the groundwater quality of the Marvdasht
aquifer, for drinking purposes by using data collected for five years (2010-2018). The
Marvdasht plane, with more than three million residents, is one of the critical regions
regarding the freshwater supply in southern Iran, where freshwater is generally vital for
human consumption. According to the results, the main source of major elements was
attributed to carbonate rocks. Results showed that TDS, EC, and TH were significantly
important in terms of drinking purposes. According to the drinking ground water quality
index (DGWQI), appropriate quality class (DGWQI between 0 and 100) was observed
for 42% of the groundwater samples. Sensitivity analysis identified Mg?*, EC, and TDS
with as the most sensitive indicators in the calculation of DGWQI with the highest mean
variation index. According to the Cy/sill ratio, a relatively strong spatial dependency (i.e.,
0.27-0.44) was observed for DGWQI, EC, TDS, and Mg2+. The DGWQI map showed that
the northern parts of the Marvdasht groundwater (31% of the Marvdasht aquifer with
a 615.7 km? area) had appropriate quality for drinking, where Dorodzan dam provides
water for two big cities. We concluded that the use of GIS-based geostatistical analysis
of DGWQI is a simple and trustworthy method to assess and interpret the groundwater
quality for drinking purposes.
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