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Abstract Human health is strongly influenced by water
quality which is threatened by the poor quality of polluted
groundwater. In this study, the groundwater quality and its
suitability for drinking have been studied in Lenjanat plain
aquifer, Iran. Fifty-nine groundwater samples from study
area were evaluated based on WHO and Iranian standards for
drinking water. Groundwater samples from selected moni-
toring sources were sampled seasonally during 2009-2010.
Physical and chemical parameters of groundwater such as
electrical conductivity, pH, total dissolved solids, Ca”,
Nat, KT, Mg”, HCO;™, SO427, Cl7, F and NO3~ were
determined. During the water quality index calculating
process, the weight of each parameter is usually given by
experts according to their practical experience, which is
subjective, so much useful and valuable information about
the water quality gets lost. In order to avoid personal judg-
ments about the weight of parameters, an information
entropy method was used to assign weight to each parameter.
Calculation of entropy weighted water quality index (EWQI)
for groundwater samples showed that in the wet season, over
57 and 74 % of samples were in the range of “excellent” to
“medium” quality based on WHO and Iranian standards,
respectively. Due to groundwater quality reduction during
dry season, 42 and 62 % of samples were in the range of
“excellent” to “medium” quality based on WHO and Ira-
nian standards, respectively. The results indicate that appli-
cation of the EWQI is very useful to help the public and
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decision-makers will be able to identify and to evaluate
groundwater quality in Lenjanat, Iran.
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Introduction

Water is essential for life and a nominal supply of clean-
safe drinking water is required for the sustenance of life.
Human health is closely related with the groundwater
quality and is threatened by the poor quality of ground-
water caused by excessive application of fertilizers and
unsanitary conditions (Godebo et al. 2011; Rango et al.
2012). In the past few decades, there has been a tremen-
dous increase in the demand for fresh water due to the rapid
growth of population and the accelerated pace of indus-
trialization (Jiang et al. 2009; Ramakrishnaiah et al. 2009).
Rapid urbanization which caused groundwater pollution
has affected the availability and quality of groundwater due
to its over exploitation and improper waste disposal (Ei-
sena and Anderson 1979; Mohabansi et al. 2011).
Groundwater quality depends on the quality of recharged
water, atmospheric precipitation, inland surface water and
subsurface geochemical processes (Broers and van der
Grift 2004). Temporal changes in the origin and constitu-
tion of the recharged water, hydrologic and human factors
may cause periodic changes in groundwater quality (Reza
and Singh 2010). Inadequate environmental protection
measures in the industries as well as waste dumps, coal
washeries, coking coal plants, thermal power plants, steel,
fertilizer and cement plants have resulted in significant
water pollution (Chatterjee et al. 2010). Water pollution not
only affects water quality but also threats human health,
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Fig. 1 The geology and geographic location of the study area

economic development and social prosperity (Milovanovic
2007). River basins are highly vulnerable to pollution due
to absorption and transportation of domestic, industrial and
agricultural waste water; therefore, it is significant to
control water pollution and monitor water quality (Sim-
eonov et al. 2003). Once groundwater is polluted, it is hard
to stop the pollution and restore the water quality. It,
therefore, becomes imperative to regularly monitor the
quality of groundwater and to device ways and means to
protect it (Vasanthavigar et al. 2010). The purpose of
having drinking water quality guidelines and regulations is
to ensure that all human beings within a country have
access to safe drinking water. At present, there have been
lots of methods for water quality evaluation such as fuzzy
mathematics method, membership degree method, factor
analysis method, gray modeling method and analytic
hierarchy process method (Pei-Yue et al. 2010a). However,
these methods cannot clearly express the water pollutant
categories and we cannot explain whether the parameters
involved in the evaluation meet the requirements of func-
tional areas (Varnosfaderany et al. 2009).

Groundwater chemistry has been utilized as a tool to
outlook water quality for various purposes. WQI is an
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important technique for demarcating groundwater quality
and its suitability for drinking purposes. This method
which attempts to provide a mechanism for presenting a
cumulatively derived numerical expression defining a
certain level of water quality is widely used in the world
due to the capability of fully expressiing the water quality
information. Some studies have been done by several
researchers across the world in various fields such as
groundwater quality assessment (Tiwari and Mishra 1985;
Singh 1992; Rao 1997, 2006; Pesce and Wunderlin 2000;
Mishra and Patel 2001; Edmunds et al. 2002; Nasiri et al.
2007; Simdes et al. 2008; Jawad Alobaidy et al. 2010;
Ishaku 2011; Rubio-Arias et al. 2012). However, during
the WQI calculating process, the weight of each param-
eter is usually given by experts according to their prac-
tical experience, which is much subjective and a lot of
useful and valuable information about the water quality
gets lost.

In this paper, improved WQI with entropy weight was
applied to the groundwater quality assessment in Lenjanat
plain, Isfahan province, central Iran, to provide a general
view of groundwater quality status in this region for
drinking purpose. In Lenjanat plain, water quality has been
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adversely affected by human activities such as urban
development, industry, residential and agricultural activi-
ties. World Health Organization (WHO) (1984, 1998) and
Iranian standard (Water and Wastewater Co. of Tehran
2006) have been used to evaluate water quality changes of
Lenjanat plain during wet and dry seasons of one year.

Study area

Lenjanat plain is located in the southwest of Isfahan
province, Iran. Lenjanat plain, with approximately
1,170 km? area and average altitude of 1,800 msl, is a sub-
basin of Zayandehrud river. The climate of the study area
varies from arid to semiarid. The geology and geographic
location of the study area are shown in Fig. 1.

Lenjanat plain sediments are composed of Permian to
Quaternary geological deposits (Geological Survey of Iran
1976a, b). The most important outcrop in the mountains is
Jurassic shale and widely thick layers of Cretaceous
limestone. The aquifer bedrock is Jurassic shale and, in
some regions, Cretaceous limestone. Alluvial deposits are
clay (at least 50 %), sand and gravel. Evaporite layers with
gypsum and salt minerals have been deposited among the
alluvium. The percentage of salt and clay deposits is higher
in the bottom layers (Jafarian 1985; Ministry of Energy
1985; Parsabe Sepahan Andish 2008). Lenjanat alluvial
aquifer is mainly recharged from limestone and crushed
thick layers of Cretaceous rocks located from west to south
mountain borders. General direction of groundwater flow is
from west to east, following the overall basin slope. The
maximum depth of the water table in the study area is 50 m
(east of the area) and its minimum is about 1 m (adjacent to
the river) (Nassery and Kayhomayoon 2013).

In the Lenjanat plain, industrial and agricultural water
supply is provided by the Zayandehrud river and water for
agriculture (except for agricultural land along the river) and
livestock is obtained through groundwater resources.
Agriculture is performed as double planting (spring and
autumn) and flooding irrigation more used in the plain. In
recent years, due to groundwater salinization, agricultural
activities have been limited to planting of cereals (wheat,
alfalfa and clover) in the Lenjanat plain.

Materials and methods

In this study, groundwater from 59 regional monitoring
wells was sampled and analyzed seasonally during
2009-2010. Different sources such as agricultural and
potable deep wells, rural dug wells, industrial and recrea-
tional facilities and drilled wells in the vicinity of pollution
sources of urban and rural sewage discharge points were
sampled. Studies were conducted for wet and dry seasons

separately, and the results were combined finally. The
standards for drinking purposes as recommended by WHO
and Iran have been considered for the calculation of EWQI.
In this study, 10 qualitative parameters including calcium
(Ca®"), sodium (Nab), potassium (K1), magnesium
(Mg2+), bicarbonate (HCO;™), sulfate (SO,>7), chloride
(CI™), fluoride (F7), nitrate (NO5;~) and electrical con-
ductivity (EC) are used to evaluate the groundwater quality
for drinking.

In the first step of investigation, the role and contribu-
tion of each parameter in water quality changes were
described with the help of factor analysis, statistical char-
acteristics of quality parameters and the regional geology.
After preliminary studies, the improved method of water
quality index IWQI or EWQI) that uses entropy weighted
value in calculations has been used to analyze groundwater
quality. Information entropy is used to determine the
weight of each parameter, which can reduce the error
caused by ignoring the weight (Pei-Yue et al. 2010b). The
concept of information entropy was first proposed in 1948
by Shannon (Shannon 1948). Shannon introduced the
entropy concept into information theory by suggesting
entropy as a measure of information or uncertainty.
Shannon entropy expresses the degree of uncertainty
implicated in predicting the output of a probabilistic event
(Guey-Shin et al. 2011). Mathematically, there is a nega-
tive relationship between the amount of information
entropy and the probability of occurrence. If the occurrence
of an event can be precisely predicted, the probability value
will be great, and inversely, the Shannon entropy will be
small. Hence, information and uncertainty as dual terms
that reveal the information gained are indirectly the amount
of reduced uncertainty. Various fields of hydrology and
water quality have recently applied entropy theory (Ozkul
et al. 2000; Kawachi et al. 2001).

For computing EWQI, the following steps have been
followed. In the first step, an entropy weight must be
assigned to each parameter (Pei-Yue et al. 2010a; Jian-Hua
et al. 2011). For calculating entropy weight when m water
samples (i = 1, 2,..., m) are taken to evaluate the water
quality and each sample is analyzed for “n” quality
parameters (j = 1, 2,..., n), according to observed data,
Eigen value matrix X can be constructed as follows:

X111 X122 - X
X X .X

X = 21 22 2n ) (1)
Xml  Xm2 «  Xmn

Data pretreatment should be applied to eliminate the
impact of different units of characteristic indices and dif-
ferent quantity grades of quality. According to attribution
of every index, the feature indexes may be divided into
four types: efficiency type, cost type, fixed type and
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interval type (Ding and Shi 2005). For the efficiency type,
the construction function of normalization is

X — (),
Vi = y Y /min . (2)
(xij)max - (xij)min
while for the cost type, the construction function of nor-
malization is

L (xij)max — X
. ( (xij)min . <3)

After transformation, the standard-grade matrix Y can be
obtained as shown below:

xij)max -

yiuu Yz - Y

y = [ Y2 Y2 - Y| (4)
Ymi Ym2 - Ymn

Then the ratio of index value of the j index and in i

sample is

m

Py =5/ Y . (5)
i=1

The information entropy is expressed by the formula as
below

1 m
ej‘:—mizzlpjjlnpij. (6)

The smaller the value of e; is, the bigger the effect of j
index. Then the entropy weight can be calculated with the
following formula:

l—ej

27:1 (1—¢)

In the formula, w; is defined as the entropy weight of j
parameter. The second step for calculating EWQI is to
assign a quality rating scale (g;) for each parameter. The g;
is calculated by the following formula:

(l)j:

(7)

g =< x 100, (8)
Sj

where C; is the concentration of each chemical parameter
in each water sample in mg/l, and S; is the limit for
drinking groundwater of each parameter in mg/l according
to quality standards for groundwater of Iran and WHO. The
above equation ensures that if j parameter is totally absent
in the water, the g; is 0, and when the amount of this
parameter is just equal to its permissible value, the g; is
100. The EWQI can be calculated in the third step by the
following formula:

EWQI = Y " wyg;. (9)
J=1
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Table 1 Classification stan-

. EWQI Rank Water
dards of groundwater quality quality
according to EWQI

<50 1 Excellent
50-100 2 Good
100-150 3 Medium
150-200 4 Poor
>200 5 Extremely
poor

According to EWQI, groundwater is classified into five
ranks, ranging from “excellent water” to “extremely poor
water” (Jian-Hua et al. 2011). The classification standards
are listed in Table 1.

Results and discussion

Before calculation of EWQI for each sample, statistical
properties of parameters are analyzed. The statistical
characteristics of 59 samples of wet and dry seasons along
with WHO and Iranian standards of drinking water are
presented in Table 2. According to Table 2, the mean of
Ca*", Na*, Mg®", SO,>~ and EC in both wet and dry
seasons is more than desirable values for drinking water
based on WHO and Iranian standards. Also, K*, HCO; ™,
F~, CI” and NO3™ ions have the smaller mean values than
desirable values. Thus, as an initial conclusion, the con-
tribution of Ca’*, Na™, Mg24r and SO427 ions in increasing
EC and in changes of groundwater quality is more than
other ions and it is to some extent expected that the water
quality is away from threshold ranks (i.e. “excellent” and
“extremely poor”) and most of the samples are classified in
three categories of 2, 3 and 4. The effect of geological
structures (Fig. 1) in increasing concentrations of ions
which mainly have natural origin, as a considerable matter
in statistical results is visible.

The influence of each parameter or set of parameters in
groundwater quality changes has been analyzed in detail
through factor analysis, which is briefly described. Factor
analysis is an extensively used multivariate statistical
method to rearrange original variables into fewer under-
lying factors (also called common factors) to retain as
much information contained in the original variables as
possible (Ashley and Lloyd 1978; Suk and Lee 1999; Liu
et al. 2008). Unlike original variables, factors are com-
pletely uncorrelated with each other. Hence, substituting
these factors for the original variables can effectively
reduce the overall complexity of large data (Guey-Shin
et al. 2011). The Eigen value quantifies the contribution of
a factor to total variance. This study performed factor
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Table 2 Statistics summary of hydrochemical parameters for wet and dry seasons and WHO and Iranian standards of drinking water

Parameter Minimum Maximum Mean SD WHO guideline  Iranian guideline
(1984*, 1998) (Water and Wastewater
Wet Dry Wet Dry Wet Dry Wet Dry Co. of Tehran 2006)

Ca®* (mg/l) 48 7.5 1,064 1,080 275.72 291.72 212.88  226.74 75" 250

Nat (mg/l) 29 19 1,5263 14925 290.1 357.39 337.17 356.55 200 200

K* (mg/l) 02 0.1 8 11.5 1.87 217 1.75 1.86 200 200

Mg>" (mg/l) 3.06 486 24786 2,721.6 60.93 123.77 57.36 355.74 50 50

HCO;™ (mg/l) 18 25 555 612 208 244.88 88.68 5,196 500 500

S04~ (mg/l) 60 20 1,200 2,525 509.28 614.05 319.94  431.32 250 400

F~ (mg/l) 0.01 005 223 2.54 0.35 0.63 0.54 0.53 I 1.7

CI™ (mg/l) 0.5 1 174.5 4,294 57.63 240.5 4524  667.61 250 400

NO;™ (mg/l) 04 09 11 16.1 3.07 434 2.16 2.72 40-70 50

EC (uS/cm) 498 350 12,790 14,740  2,996.86 3,573.13 2,699 = 2,942/97 500 500

* Based on WHO guideline (1984)

Table 3 The rotated common Parameter Wet season Dry season

factors for loadings, the

percentage of variance and the Factor Factor

total cumulative percentage of

variance for wet and dry seasons 1 2 3 4 1 2 3
Ca** 0.87 0.28 0.14 —0.13 0.73 0.21 —0.09
Na* —0.04 0.87 —0.25 —0.03 0.05 0.03 0.94
K* 0.21 0.24 0.14 —0.75 —0.18 —0.06 0.18
Mg*" 0.72 0.16 0.26 —0.10 0.83 —0.15 0.16
HCO;™ —0.46 0.11 0.37 0.26 —0.40 —0.09 0.08
SO, 0.69 —0.10 —0.46 0.12 0.42 0.81 0.05
F~ 0.07 0.06 —0.80 0.02 0.04 0.74 0.15
Cl™ 0.21 —0.018 0.61 0.13 0.08 0.79 —0.23
NO;™ 0.02 0.25 0.26 0.72 0.83 0.29 0.06
EC 0.28 0.83 0.02 0.04 0.00 0.04 091
Eigen value 2.55 1.64 1.48 1.06 2.95 1.89 1.37
Total variance (%) 25.58 16.41 14.89 10.68 29.51 18.90 13.74
Cumulative variance (%) 25.58 42 56.89 67.58 29.51 48.41 62.16

analysis to determine the factors controlling regional
groundwater composition. Factor extraction was carried
out by principal components, where only Eigen values
greater than one was retained. The factor loading matrix
was rotated to obtain uncorrelated factors by varimax
rotation (Akoyeton et al. 2010).

Factor analysis was performed on the normalized data
sets (10 variables) separately for the wet and dry seasons in
Lenjanat plain (Table 3). This study retained only factors
with Eigen values that exceeded 1.0, and based on the
absolute factor loadings, were >0.60 to determine pre-
dominant parameters of the common factors.

The results of the factor analysis show that 67.58 % of
water quality changes in wet season are controlled by four
factors. Factor 1 that explains about 25.58 % of total var-
iance is in relation with Ca>*, Mngr and SOi. This factor

can be considered as weathering of carbonate (calcite and
dolomite) and evaporite (anhydrite and gypsum) minerals.
Nassery and Kayhomayoon (2013) showed that the disso-
lution of carbonates (Mg*"/Ca>"+Mg** <0.5) and gyp-
sum (Ca®*/Ca*t4+S0;~ = 0.5, HCO; /> anions <0.8)
are the significant processes in the Lenjanat aquifer. Water
recharge into Lenjanat aquifer is mainly from limestone
formations and alluvial aquifer also contains an abundance
of carbonate sediments containing calcium and magnesium
resulting in the high concentrations of Ca®" and Mg*" in
the groundwater. In Lenjanat plain, the Ca®'/(Ca®"
+SO427) <0.5 is due to decrease of Ca** concentration in
groundwater (calcite precipitation or ion exchange pro-
cess), whereas Ca®/(Ca®*"+S0,4%7) >0.5 is due to increase
of Ca** concentration which results in dissolution of car-
bonate or silicate deposits (a source other than gypsum
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Table 4 The rotated common

Parameter Wet season Dry season

factors for loadings, the

percentage of variance and the Factor Factor

total cumulative percentage of

variance for wet and dry seasons 1 2 3 4 1 2 3

(without considering EC) Ca?t 0.89 0.26 000  —0.03 0.70 022 -022
Na‘t 0.22 —0.08 0.84 0.08 0.16 0.06 0.83
K* 0.46 -0.17 0.21 —0.67 —0.16 —0.02 0.41
Mg*" 0.81 0.08 —0.05 0.01 0.85 —0.10 0.15
HCO;™ —0.22 —0.55 —0.01 0.30 -0.39 —0.07 0.28
Nl 0.30 0.79 —0.04 0.06 0.39 0.83 0.00
F —-0.22 0.63 0.44 —0.04 0.03 0.76 0.23
Cl™ 0.26 —-0.22 —0.62 0.12 0.02 0.76 —-0.37
NO;~ 0.16 -0.21 0.08 0.81 0.82 0.33 0.02
Eigen value 2.03 1.55 1.35 1.21 2.27 2.05 1.22
Total variance (%) 22.56 17.28 15.01 13.48 25.22 22.84 13.56
Cumulative variance (%) 25.56 39.84 54.85 68.34 25.22 48.06 61.63

Table 5 Information entropy value and entropy weight of parameters

Parameter Wet season Dry season

Entropy Entropy Entropy Entropy

value weight value weight
Ca*" 5.810 5.897 5.804 5.902
Na*t 5.806 5.898 5.789 5.903
Kt 5.800 5.898 5.840 5.898
Mg*+ 5.786 5.899 5.857 5.896
HCO;™ 5.844 5.893 5.859 5.895
S04~ 5.698 5.909 5.834 5.898
F 5.801 5.899 5.811 5.901
Cl™ 5.743 5.905 5.850 5.897
NOs;~ 5.812 5.897 5.831 5.899
EC 5.811 5.897 5.816 5.900

dissolution). Groundwater samples are undersaturated with
respect to gypsum (negative saturation index) and gypsum
dissolution, thus leading to an increased concentration of
calcium and sulfate ions along groundwater flow direction
(Nassery and Kayhomayoon 2013). In addition to gypsum
dissolution, heavy use of sulfate fertilizers and agricultural
return water can be considered as a secondary factor of
increasing sulfate ion concentration in Lenjanat plain
aquifer. The variables Na* and EC have high positive
loading of factor 2 that explains about 16.41 % of total
variance. This factor indicates that the source of sodium
may not be halite dissolution. Dissolution of a less soluble
mineral such as albite (plagioclase) or cation exchange
(natural softening) can be considered as a source of sodium
ion. Due to negligible outcrops of igneous rocks and the
abundance of silty-clay deposits in the plain, cation
exchange is more likely (Nassery and Kayhomayoon
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2013). In wet season, 14.89 % of groundwater chemistry
variation is controlled by third factor. The factor loading of
CI™ and F show high positive value on factor 3. Regarding
the geological deposits in the study area, it can be assumed
that the primary source of chloride in the groundwater is
sodium chloride (directly from halite dissolution).
Accordingly, in most samples, the dissolution of halite
(Na*/Na*+Cl~ = 0.5) is predominant. High concentra-
tions of chloride may also be due to excessive release of
waste water in the vicinity the sampling sites. On the other
hand, Nassery and Kayhomayoon (2013) by considering
the concentration of Cl™ ion with the presence of HCO;™
in the border of plain and negative slope close to the unit
in Cl-Na™ versus Ca2++Mg2+—SO427(HCO37+CO327)
concluded that cation exchange is a significant water
composition-controlling process in this aquifer. Most of the
fluoride found in groundwater is naturally occurring from
the breakdown of rocks and soils or weathering and
deposition of atmospheric volcanic particles. In Lenjanat
plain, the origin of fluoride can also be considered from
infiltration of agricultural return water contaminated with
chemical fertilizers and waste water from industrial sour-
ces. Factor 4 that consists of two elements including K™
and NO;3;~ accounts for 10.68 % of total variance in wet
season. Potassium can be released slowly upon dissolution
of rocks or leaching of fertilizer in farm lands. The main
source of nitrate in groundwater samples is leaching of
nitrate with the percolating water due to the various agri-
culture and anthropogenic activities. Groundwater can also
be contaminated by sewage and other wastes rich in
nitrates.

In dry season, 62.16 % of water quality changes are
controlled by three major factors. Factor 1 that explains
29.51 % of total variance is in relation with Ca”, Mg2+
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Table 6 EWQI value and No. of EWQI Rank EWQI Rank No. of EWQI Rank EWQI Rank

quality rank of sarpples based sample (WHO (Iranian sample (WHO (Tranian

on WHO and Iranian standards standard) standard) standard) standard)

(wet season)
1 45.83 1 35.36 1 31 90.20 2 55.02 2
2 73.17 2 63.88 2 32 72.71 2 51.77 2
3 120.46 3 92.98 2 33 65.35 2 50.90 2
4 130.51 3 113.04 3 34 85.21 2 58.85 2
5 128.78 3 104.07 3 35 205.27 5 129.23 3
6 108.94 3 79.16 2 36 299.14 5 254.95 5
7 221.81 5 190.14 4 37 94.22 2 77.15 2
8 198.80 4 153.59 4 38 317 5 296.07 5
9 156.79 4 117.32 3 39 91.03 2 66.82 2
10 108.51 3 83.549 2 40 122.49 3 82.47 2
11 211.90 5 126.06 3 41 75.732 2 62.76 2
12 55.14 2 42.46 1 42 73.24 2 63.73 2
13 74.76 2 50.61 2 43 99.07 2 63.10 2
14 89.89 2 59.53 2 44 59.14 2 45.48 1
15 194.12 4 127.59 3 45 169.02 4 99.29 2
16 119.95 3 93.87 2 46 154.24 4 126.51 3
17 98.85 2 61.38 2 47 311.72 5 242.47 5
18 78.89 2 51.45 2 48 40.46 1 28.70 1
19 193.40 4 169.12 4 49 249.33 5 189.98 4
20 265.18 5 219.47 5 50 166.62 4 102.34 3
21 279.35 5 225.18 5 51 237.15 5 219.69 5
21 98.44 2 85.52 2 52 118.38 3 109.06 3
23 181.83 4 137.12 3 53 242.24 5 211.32 5
24 181.61 4 125.45 3 54 330.32 5 287.72 5
25 59.27 2 46.55 1 55 125.07 3 107.42 3
26 85.04 2 71.40 2 56 164.83 4 126.58 3
27 530.40 5 410.24 5 57 217.94 5 188.88 4
28 388.86 5 279.40 5 58 115.09 3 78.14 2
29 76.16 2 64.06 2 59 131.93 3 109.85 3
30 109.19 3 67.57 2 - - - - -

and NO; ™. As mentioned, the presence of Ca>" and Mg*"
shows the geological impact and dominance of carbonate
formations on groundwater quality. The existence of nitrate
in this factor may be due to concentration of the NO3;~ by
decreasing in precipitation. Factor 2 accounts for 18.9 % of
total variance including the parameters SO,>~, F~ and CI ™.
Sulfate is a strong base that tends to form ion pairs or weak
complexes with most mono- and bivalent cations (Lang-
muir 1997). Cations with higher capacities form covalent
bonds with sulfate. Moreover, the solubility of C1™ is more
than that of SO4*~. Accordingly, increase in C1~ concen-
tration due to dissolution of halite deposits leads to increase
in salinity in groundwater flow direction, reverse cation
exchange and Ca®" concentration. As mentioned, pre-
dominantly gypsum dissolution increases SO4>~ in Lenj-
anat plain and as there is no precipitation occurrence in dry
season, concentration of SO427 is less than wet season.

Maybe the climatic change is the main cause of displace-
ment of NO;~ and SO,>~ between principal components
(factors) 1 and 2. The source of fluoride and chloride are
similar to those discussed in the previous section (wet
season). In dry season, factor 3 consists of two elements
including Na™ and EC and accounts for 13.74 % of total
variance. Similar to wet season, the main source of sodium
in groundwater resources is caused by cation exchange.

By factors mentioned above, only 67.58 and 62.16 % of
water quality changes are interpreted in, respectively, wet
and dry seasons. This means there are another clandestine
parameters and agents that can impact on water quality in
Lenjanat plain.

Analysis of the effective factors in groundwater quality
changes without considering EC shows that removing this
parameter cannot lead to much change in total and cumu-
lative variance of factors in wet and dry seasons (Table 4).
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Table 7 EWQI value and

No. of EWQI Rank EWQI Rank No. of EWQI Rank EWQI Rank

quality rank of sarpples based sample (WHO (Iranian sample (WHO (Tranian

on WHO and Iranian standards standard) standard) standard) standard)

(dry season)
1 49.57 1 39.68 1 31 138.82 3 88.80 2
2 77 2 59.66 2 32 315.83 5 243.19 5
3 380.77 5 354.38 5 33 99.07 2 82.43 2
4 171.62 4 147.80 3 34 235.10 5 148.97 3
5 79.674 2 56.86 2 35 69.53 2 52.95 2
6 312.12 5 271.42 5 36 113.31 3 86.80 2
7 137.76 3 128.78 3 37 279.35 5 197.01 4
8 148.10 3 114.86 3 38 240.90 5 203.48 5
9 139.74 3 104.87 3 39 127.69 3 104.45 3
10 77.15 2 53.382 2 40 175.51 4 132.21 3
11 170.47 4 143.04 3 41 195.43 4 122.51 3
12 194.78 4 161.76 4 42 80.21 2 60.78 2
13 182.31 4 146.01 3 43 120.26 3 73.42 2
14 104.20 3 62.15 2 44 147.36 3 123.36 3
15 494.89 5 453.48 5 45 225.89 5 134.06 3
16 310.16 5 251.99 5 46 177.82 4 126.01 3
17 25091 5 180.78 4 47 272.15 5 250.68 5
18 110.65 3 85.16 2 48 470.52 5 295.89 5
19 922.50 5 827.50 5 49 230.67 5 146.87 3
20 341.24 5 213.94 5 50 155.40 4 92.24 2
21 177.03 4 138.12 3 51 74.130 2 54.45 2
21 125.03 3 98.99 2 52 192.34 4 174.01 4
23 116.89 3 91.35 2 53 174.61 4 168.49 4
24 107.54 3 94.21 2 54 170.20 4 149.51 3
25 260.13 5 161.44 4 55 236.65 5 210.77 5
26 86.19 2 71.47 2 56 335.15 5 288.86 5
27 32247 5 286.90 5 57 117.97 3 99.43 2
28 212.05 5 205.92 5 58 211.67 5 170.32 4
29 141.81 3 108.56 3 59 187.80 4 173.19 4
30 59.99 2 48.06 1 - - - - -

Moreover, position of parameters showed no significant

Results show that SO427 and then C1™, F—

and Mg>"

difference from the previous state.

After the above mentioned initial survey and analysis of
the relationships between parameters and possible sources
of their variability using factor analysis, the EWQI and
quality rank of each water sample for drinking were cal-
culated. In this case, after first step that was calculation of
entropy value and entropy weight of each parameter, the
WQI value was calculated according to rating scale of
water quality. Finally, after multiplying WQI value and
entropy weight of each parameter, the summation of these
values is presented as EWQI for each sample (Eq. 9). The
parameters with minimum entropy value and maximum
entropy weight have the greatest impact on water quality
(Guey-Shin et al. 2011; Jian-Hua et al. 2011). In Table 5,
the calculation results of entropy and entropy weight for
each parameter in wet and dry seasons are presented.

@ Springer

play the leading roles influencing the water quality change
in wet season. K™ and Na™ have the same influence on
groundwater quality and Ca®" and NO;~ with equal
entropy weight have the smaller impact than other
parameters. In wet season, HCO;™~ has the minimal influ-
ence on groundwater quality. In dry season, some param-
eters have more impact on water quality changes. In this
case, Na™ and then Ca®", F~ and NO;™ have the greatest
impact on water quality and finally SO,*~ and K" are in
next order with same influence. In dry season, HCO3™ has
the minimal impact on groundwater quality, similar to wet
season. Similar to results of factor analysis in both seasons,
SO,*"and NO;~ are among the most important parameters
affecting groundwater quality. By considering that forma-
tions containing gypsum as the main source of SO,>~ and
the rate of NO3~ produced by anthropogenic activities
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Table 8 Summary statistics of groundwater ranking in wet season

WHO standard Iranian standard

Rank No. of samples % (x~) Rank No. of samples % (=)
1 2 3.39 1 5 8.47
2 20 3390 2 25 42.38
3 12 2034 3 14 23.73
4 10 1695 4 5 8.47
5 15 2542 5 10 16.95

Table 9 Summary statistics of groundwater ranking in dry season

WHO standard Iranian standard

Rank No. of samples % (=) Rank No. of samples % (=)
1 1.70 1 2 3.39
2 9 1525 2 18 30.51
3 15 2542 3 17 28.81
4 13 2203 4 8 13.56
5 21 3560 5 14 23.73

cannot change in a short period of time, the factor influ-
encing these parameters are mostly controlled by the
regional climate.

The magnitude of the sum of ranks was used to deter-
mine the stability of groundwater quality. The smaller
value indicates a more unstable groundwater quality
(Guey-Shin et al. 2011). Thus, in both wet and dry seasons,
HCOj3;™ has the continuous small-scale changes. In addition
to HCO5;™, NO3~ and Ca®" have the continuous small-
scale oscillations in wet season. In dry season, after
HCO;~, Mg*" and Cl~ show the continuous change in
concentration.

EWQI determination using entropy weights and quality
ranking of groundwater samples based on drinking water
standards (WHO and Iran) was the main aim of this study.
The calculated EWQI and quality ranking for each water
sample in wet and dry seasons are presented in Tables 6
and 7, respectively. Ranking of samples in wet season
showed that most of samples are placed in the “good”
quality (rank 2). Twenty groundwater samples (33.90 %)
and 25 samples (42.38 %) are classified in “good” quality
categories based on WHO standard and Iranian standard,
respectively. In addition, 2 and 5 sample are located in
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Fig. 2 Quality ranks in wet season based on a Iranian standard and b WHO standard
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Fig. 3 Quality ranks in dry season based on a Iranian standard and b WHO standard

“excellent” quality rank (rank 1), 12 and 14 sample in
“medium” quality rank (rank 3), 10 and 5 sample in
“poor” quality rank (rank 4) and finally 15 and 10 sample
in very “extremely poor” quality rank (rank 5), based on
WHO and Iranian standards for drinking water, respec-
tively. The brief numerical report of these analyses for wet
season is presented in Table 8.

In dry season and according to WHO standard, 21
sample (35.60 %) had the “extremely poor” quality (rank
5), 13 sample (22.03 %) had the “poor” quality (rank 4),
15 sample (25.42 %) had the “medium” quality (rank 3), 9
sample (15.25 %) had the “good” quality (rank 2) and 1
sample (1.70 %) had the “excellent” quality (rank 1) for
drinking. Analysis of samples using Iranian standard show
a dramatic change in most cases so that over 30 % of
samples are located in rank 2, and samples which had the
“poor” and “extremely poor” quality in WHO standard are
placed in better quality ranks (ranks 2, 3) according Iranian
standard (Table 9).

Statistical analysis of samples’ quality ranking based on
both standards shows the relative improvement in quality
for wet rather dry season so that, based on WHO standard,
over 57 % of samples had the “excellent”, “good” and
“medium” quality, while this was reduced to 42 % in dry

@ Springer

season. Based on Iranian standard, over 74 % of samples in
wet season had the “excellent”, “good” and “medium”
quality, and in dry season this was reduced to 62 %. The
position of various ranks determined based on EWQI and
according to WHO and Iranian standards for drinking water
is showed in Figs. 2, 3.

Water quality in many parts of Lenjanat plain during
wet and dry seasons shows a large quality change. Some-
times, 2 or 3 qualitative rank of groundwater quality
changes is visible in both standards in this aquifer. Sam-
pling situations with 2 or more order change in quality rank
are displayed in Fig. 4. According to this map, the majority
of sampling points with high-quality oscillation are located
in urban, rural, residential, and industrial areas and in
vicinity of Zayandehrud river.

Increasing the concentration of NO3™, SO42_, Cl™ and
F~ in groundwater is mainly due to infiltration of chemical
fertilizers in agricultural areas, gypsum dissolution, cation
exchange and leaking of the urban, rural, industrial waste-
waters to underground, respectively. Under these condi-
tions, concentration of solutes and groundwater pollutants
can be changed by climatic factors such as precipitation as
the most important agent (by change of dissolution rate and
dilution of contaminants) in water quality oscillation.
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Fig. 4 Position of sampling points with high-quality oscillation

Conclusion

The results revealed that the hydrochemical properties of
the groundwater samples were controlled by rock/water
interactions including ion exchange, dissolution of evapo-
ration deposits (halite and gypsum) and precipitation/dis-
solution of carbonates. In addition to impact of geological
formations, various agricultural and anthropogenic activi-
ties in industrial areas can change the hydrochemical
properties of the water in Lenjanat aquifer.

The entropy weights of hydrochemical parameters show
that the concentrations of SO42_ and then Cl7, F~ and
Mg®" play the leading roles influencing the groundwater
quality in wet season. In dry season, Na™ and then Ca’",
F~ and NO; ™ are the most influencing parameters affecting
the groundwater quality and the groundwater quality
assessment results are greatly affected by the four param-
eters. In this plain, concentration of solutes and water
pollutants in groundwater can be changed by climatic
factors such as precipitation as the most important agent
(by change of dissolution rate and dilution of contami-
nants) in water quality oscillation.

Entropy weight makes WQI perfect and makes the
assessment results more reasonable. Based on calculation
of entropy weighted water quality index in Lenjanat plain

for wet season, relative improvement in water quality in
both standards is obvious so that based on WHO standard
over 57 % of samples had the “excellent”, “good” and
“medium” quality, while in dry season this was reduced to
42 %. Based on calculation of EWQI using Iranian water
quality standard, over 74 % of samples in wet season had
the “excellent”, “good” and “medium” quality and in dry
season, this was reduced to 62 %.

Using the entropy weighted in WQI calculation leads to
prevention of personal judgments about weight of param-
eters. The calculation of EWQI shows that the EWQI
method is an easy to use method for groundwater quality
assessment and the assessment results are rational and are
consistent with the results of field investigation. Results
show that application of the EWQI is a very helpful tool
that enables the public and decision makers to evaluate
groundwater quality in Lenjanat plain, Iran.
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