Hydrogeochemical analysis for Tasuj plain aquifer, Iran
Ata Allah Nadiri1,2 , Asghar Asghari Moghaddam1,∗ ,
Frank T-C Tsai2 and Elham Fijani1,2
1

2

Department of Geology, University of Tabriz, 29 Bahman Boulevard, Tabriz, East Azerbaijan, Iran.
Department of Civil and Environmental Engineering, Louisiana State University, 3418G Patrick F. Taylor Hall,
Baton Rouge, LA 70803, USA.
∗
Corresponding author. e-mail: Moghaddam@tabrizu.ac.ir

This study investigated the hydrogeochemical processes of groundwater in the Tasuj plain, Iran. The
Tasuj plain is one of the 12 marginal plains around Urmia Lake which is currently under a critical ecological condition. In the last decades, the Tasuj plain aquifer suﬀered from severe groundwater level declination and caused degradation of groundwater quality. To better understand hydrogeochemical processes
in the Tasuj plain, this study adopted graphical methods and multivariate statistical techniques to analyze groundwater samples. A total of 504 groundwater samples was obtained from 34 diﬀerent locations
(qanats, wells, and springs) over 12 years (1997–2009) and analyzed for 15 water quality parameters.
From the results, the Piper diagram indicated four groundwater types and the Stiﬀ diagram showed eight
diﬀerent sources of groundwater samples. The Durov diagram identiﬁed ﬁve major hydrogeochemical
processes in the aquifer. However, hierarchical cluster analysis (HCA) identiﬁed ﬁve water types in the
groundwater samples because HCA was able to analyze more chemical and physical data than graphical
methods. The HCA result was checked by discriminant analysis and found consistency in all samples
that were classiﬁed into correct groups. Using factor analysis, we identiﬁed three factors that accounted
for 81.6% of the total variance of the dataset. Based on the high factor loadings of the variables, factors
1 and 2 reﬂected the natural hydrogeochemical processes and factor 3 explained the eﬀect of agricultural fertilizers and human activities in the Tasuj plain. Dendrograms from 2000 to 2009 were studied
to understand the temporal variation of groundwater quality. Comparing the distributions of groundwater types in 2000 and 2009, we found that the mixing zone was expanded. This may be due to artiﬁcial
groundwater recharge in the recharge area and the eﬀect of inverse ion exchange in the discharge area.

1. Introduction
Groundwater is a vital water resource to the arid
and semi-arid areas in Iran. Recent increases in
agricultural activities in Iran have caused groundwater to become the main water source for agriculture, industry and public uses. This study focuses
on the Tasuj plain aquifer, one of the endangered
aquifers around Urmia Lake (the third largest
saline lake in the world), where groundwater level

has considerably declined due to large groundwater withdrawals. The continuation of groundwater
level declination at its current rate could cause desiccation of Urmia Lake and an ecosystem disaster to its surrounding area. Therefore, groundwater
quality monitoring and protection are essential to
sustain the Tasuj plain aquifer. For this purpose,
a fundamental understanding of hydrogeochemical processes and hydrogeological conditions for an
aquifer system is important (Adams et al. 2001;
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Khazaei et al. 2006; Al-Shaibani 2008; Asghari
Moghaddam and Fijani 2008; Hossain et al. 2010).
Hydrogeochemical processes are inﬂuenced by
many factors, such as geogenic factors (i.e., rock–
water interaction) and anthropogenic activities
(i.e., agricultural, industrial and domestic activities). Recent research showed the importance of
investigating the impacts of various factors on
hydrogeochemistry (Chae et al. 2004; Dragon 2006;
Cloutier et al. 2008). In this study, we adopt graphical and multivariate statistical methods to better
understand the hydrogeochemical processes in the
Tasuj plain aquifer.
Graphical methods (e.g., Piper diagram, Durov
diagram, Stiﬀ diagram, etc.) are commonly used
to interpret hydrogeochemical processes (Piper
1944; Durov 1948; Stiﬀ 1951; Lloyd 1965; Hem
1986; Hounslow 1995; Schwartz and Zhang 2003).
Piper diagrams can be used to deduce groundwater types (Asghari Moghaddam and Fijani 2009).
An expanded Durov diagram (Lloyd and Heathcote
1985) improves the Piper diagram by providing
a better display of diﬀerent types of water as
well as important hydrochemical processes, such
as ion exchange, simple dissolution and mixing of
waters of diﬀerent qualities (Singhal and Gupta
1999). A Stiﬀ diagram compares analytical data in
pairs and infers types of source rocks (Stiﬀ 1951;
Hounslow 1995). Although the graphical methods
are commonly used to interpret hydrogeochemical
processes, they have several limitations as they
cannot be used to analyze neutral chemical species
(e.g., SiO2 and NO−
3 ) and nonchemical data (e.g.,
temperature) (Voudouris et al. 1997).
Multivariate statistical methods (e.g., factor
analysis (FA), hierarchical clustering analysis
(HCA) and discriminant analysis (DA)) are able
to complement the limitations of the graphical
methods for hydrogeochemical process interpretation (Johnson and Wichern 1992; Reghunath et al.
2002; Singh et al. 2004; Chen et al. 2007; Cloutier
et al. 2008). Multivariate statistical analysis is able
to explain the correlation among a large number of
variables and reduce the number of variables into
a small number of factors without loss of essential information (Jackson 1991). Laaksoharju et al.
(1999) adopted multivariate statistical analysis to
simplify and organize a large number of variables to
gain meaningful insights. In multivariate statistical methods, factor analysis was frequently used to
investigate hydrogeochemical origins (Voudouris
et al. 2000; Lambrakis et al. 2004). Factor analysis was also applied for investigating groundwater
contamination (Grande et al. 1996; Dragon 2006;
Jiang et al. 2009). Clustering analysis was used as a
classiﬁcation technique for hydrogeochemical type
investigation and the interpretation of their origin
(Cloutier et al. 2008). Discriminant analysis was

used to determine the variables, which discriminate two or more naturally occurring groups. This
method can verify if the groups are classiﬁed correctly by cluster analysis (Lambrakis et al. 2004;
Singh et al. 2004). In summary, multivariate statistical methods have several advantages. They can
correlate chemical and nonchemical data, incorporate more chemical and physical variables (e.g.,
EC, pH and temperature), and identify relationships between variables and samples (Matalas and
Reiher 1967; Dalton and Upchurch 1978).
In order to better understand the Tasuj plain
aquifer, in this study we conduct hydrogeological and hydrogeochemical investigations on the
groundwater data obtained from the Tasuj plain
aquifer using graphical methods and multivariate
statistical methods. The objectives of the study
are:
• to investigate the aquifer hydrogeological and
geophysical conditions,
• to identify types and origins of groundwater
resources,
• to identify major hydrogeochemical processes,
• to identify hydrochemical factors that have inﬂuence on groundwater quality, and
• to identify groundwater type variation through
the time.

2. Study area
The Tasuj basin shown in ﬁgure 1 is located about
100 km northwest of the city of Tabriz, in the
northwest region of Iran. The basin is a subbasin
of the Urmia Lake basin. The Tasuj basin is about
559.32 km2 . This includes 302.67 km2 of the Tasuj
plain and 256.65 km2 of Mishu Mountain. The
study area is surrounded by Urmia Lake (south),
Mishu Mountain (north), Salmas Plain (west) and
Shabestar Plain (east). The study area contains the
city of Tasuj and 15 other villages. Agriculture is
the main economic activity in the area.
The highest elevation of the Tasuj basin is
3133 m above mean sea level (amsl) at the peak
of Alamdar Mountain and the lowest elevation
is 1274 m amsl near Urmia Lake. Based on de
Martonne (1925) and Emberger (1930), the prevailing climate in the Tasuj plain is semiarid-cold.
Average annual precipitation is about 232.7 mm
(Tasuj climatological station, 2000–2009) (Research
Center of Agriculture and Natural Resources of
East Azerbaijan Province 2010). The highest and
lowest precipitation occurs in the spring and summer seasons, respectively. The mean daily temperature at the Tasuj climatological station (1411 m
amsl) varies from –11.33◦ C (in January) to 33◦ C
(in August). The annual temperature average is
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Figure 1. The study area and locations of sampling sites and piezometers.

14◦ C. In general, average monthly relative humidity at the Tasuj climatological station is fairly high
ranging from 54% (in July) to 68% (in March).
In the Tasuj basin, only a few seasonal rivers
originate from Mishu Mountain. These seasonal
rivers can ﬂood the Tasuj plain in the wet season.
The seasonal rivers are the Amestejan, Angoshtejan, Almas, Chehregan, Tiran, Cheshmekonan,
Sheikhvali, Sheikhmarjan and Ghelmansara. Currently, there are no hydrometric station in these
rivers; therefore, their ﬂow rates are unknown.
By using the correlation between the plain and
the ﬂow rate of the rivers in nearby plains
such as Shabestar, annual ﬂow rate for the seasonal rivers in the Tasuj plain was estimated at
about 64.16 million cubic meters per year (East
Azerbaijan Regional Water Authority 2001).
The Tasuj plain includes an artiﬁcial groundwater recharge area located about 5 km north
of the city of Tasuj and between the Amastejan
and Angoshtejan villages (see ﬁgure 1). Rainwater is transmitted by Amestejan River and the
Angoshtejan River from Mishu Mountain to the
downstream retention pool and then delivered to
the recharge area that contains terraces of high
hydraulic conductivity. In the later analysis, we
will discuss how the recharge water impacts on the
hydrochemistry of groundwater in the Tasuj plain
aquifer.

2.1 Geological condition
The Tasuj basin has geological formations from the
Precambrian to the Quaternary age. The geological

map is shown in ﬁgure 2. Precambrian formations
include metamorphic complex and Kahar formation which are located in Mishu Mountain, northwest of the basin. The Kahar formation is mainly
composed of shale, shale-sandstone and sandstone,
which were slightly metamorphosed and changed
to slate, quartzic slate and rarely phyllite. Paleozoic formations include Barut, Mila (Cambrian),
Doroud and Ruteh (Permian) formations. Mesozoic sediments are limited to upper Triassic and
Cretaceous deposits, which are at the north of Till
village.
Marine deposits of Oligo-Miocene age are
adversely developed in the study area. These
rocks are red conglomerate, white-to-yellowish and
pink limestone, red sandstone, shale and green
marl. There are gypsiferous layers in the most
of the lower Miocene formation. Therefore, OligoMiocene formation could have a signiﬁcant eﬀect
on the hydrogeochemistry of the Tasuj plain
aquifer.
Quaternary deposits are well developed in the
basin. Travertine, tens of meters in thickness,
occurs in the north of the Heidarabad and Till
villages, which originated from springs through
the geological faults (Khodabandeh and AminiFazl 1993). Alluvial deposits include old and young
deposits. A mixture of both old and young deposits
formed the alluvial plain and cultivated areas.
Quaternary deposits near Urmia Lake change to
salt ﬂat. This area was formed due to Urmia
Lake regression (Stocklin 1974; Berberian and King
1981).
There are several faults in the Tasuj basin shown
in ﬁgure 2 (Stocklin 1968). The most important

1094

Ata Allah Nadiri et al.

Figure 2. Geological map and Till piezometer logging (modiﬁed from Khodabandeh and Amini-Fazl 1993).

faults include the Tasuj fault, the Gzeljeh fault
and the Angoshtejan fault. The Tasuj fault is a
long, deep, and active reverse fault, extending from
northeast to southwest. The north–south trending Gzeljeh and Angoshtejan faults are the important faults to the area. The Gzeljeh fault cuts the
moderately consolidated conglomerate and sandstone unit and probably has a dominant role in the
recharge of the Tasuj plain aquifer.

2.2 Hydrogeology of the Tasuj plain aquifer
The Tasuj plain aquifer is a heterogeneous
unconﬁned aquifer. The aquifer system can be
categorized into three groups based on hydraulic

conductivity (East Azerbaijan Regional Water
Authority 2001):
• the low hydraulic conductivity group: This group
is composed of old and ﬁne granular sedimentary,
• the intermediate hydraulic conductivity group:
This group is composed of carbonate sedimentary and old alluvial terrace, and
• the high hydraulic conductivity group: This
group includes young terrace, which is the main
material of the aquifer. Erosion of old formation
caused to form this young terrace.
Groundwater in the Tasuj plain aquifer was
withdrawn through 147 water wells, 70 springs
and 70 qanats. In 2009, groundwater was withdrawn 36.81 million cubic meters (East Azerbaijan
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Figure 3. Thickness of Tasuj aquifer and location of proﬁles of geo-electrical survey.

Figure 4. Diﬀerence of groundwater table (m) between 1999 and 2009.

Regional Water Authority 2010). Despite enacting
restrictive rules such as limiting drilling new pumping wells and reducing pumping rate, 24 springs
and 14 qanats became dry in the recent years due
to over-extraction.
The geo-electrical survey shown in ﬁgure 3 was
conducted in the plain by the Abkav Consulting

Engineering Co. (1973) to delineate thickness of the
Tasuj plain aquifer. It was found that the bedrock
of the plain is the Miocene formation, which generally dips south to Urmia Lake. The alluvial
aquifer is thick along the proﬁles 2, 4, 5, and
7. The aquifer thickness decreases towards Urmia
Lake.
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Based on seven pumping tests carried out in
the plain by the East Azerbaijan Regional Water
Authority (2001), the Till village, the city of Tasuj,
and alluvial terraces have high transmissivity (150–
300 m2 /d). Low transmissivity zone (25–50 m2 /d)
is in the southwest of the plain due to thin aquifer
thickness.

2009 groundwater level distribution. Groundwater
ﬂow direction in the Tasuj plain aquifer is mainly
towards Urmia Lake.

3. Methodology
3.1 Hydrochemical dataset

2.3 Groundwater monitoring network
Thirty piezometers were installed in the Tasuj plain
to monitor groundwater level. Their locations are
distributed over the entire region shown in ﬁgure 1.
Groundwater level was recorded by East Azerbaijan Regional Water Authority from 1999 until
2009. We also collected groundwater level data
from the Cheshmekonam piezometer from 1993 to
the present.
Groundwater level discernibly declined in the
last decade. The declination between the dry seasons of 1999 and 2009 is shown in ﬁgure 4. Due
to the agricultural, industrial and drinking water
demands, high withdrawal rates around the city of
Tasuj produced the maximum cone of depression in
this area. The maximum groundwater level decline
rate was 3.7 m per year recorded in the Cheshmekonan piezometer. The maximum seasonal variation
was observed from October (the lowest groundwater level) at the end of the irrigation season to June
(the highest groundwater level). Figure 5 shows the

We obtained 504 groundwater samples from 33 different water wells, springs and qanats between 1997
and 2009 and used them to characterize the hydrogeochemistry of the Tasuj plain aquifer. The maximum number of samples is 97 in 2004 and the
minimum number of samples is 15 in 1997. The
location of the sample sites is shown in ﬁgure 1.
The samples were analyzed in the hydrogeological laboratory of University of Tabriz and in
the laboratory of East Azerbaijan Regional Water
Authority. The water quality parameters of inter2−
est were Ca2+ , Mg2+ , Na+ , K+ , HCO−
3 , CO3 ,
2−
−
SO4 , Cl− and NO3 , which were determined by
the standard methods (American Public Health
Association 1998). Only samples in 2004 were analyzed for NO−
3 . Moreover, pH, electric conductivity (EC), and the total dissolved solid (TDS) were
measured from the samples. Total hardness (TH),
sodium absorption ratio (SAR), and sodium percent (Na%) were calculated from the measured
chemical parameters.

Figure 5. Groundwater level and ﬂow direction (June 2009).
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Analysis accuracy was checked for charge balance for the water samples based on Hounslow
(1995). The charge balance values for all the samples were <5%. Therefore, the analysis results were
reliable.
Table 1 presents the statistics of the chemical
constituents in the water samples which only the
nitrate and sulfate concentrations found in this
study exceed the maximum allowable concentration deﬁned by U.S. National Primary and Secondary Drinking Water Regularizations (USEPA
2001), 10 mg/L (0.16 meq/L) and 250 mg/L
(5.2 meq/L), respectively. This may be due to
intensive agricultural activities in the study area.
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The correlation matrix of hydrogeochemical
parameters is shown in table 2. Signiﬁcance level
of entire parameters is smaller than 5%, so the
null hypothesis is rejected. Sulfate has a high
positive correlation with chloride, sodium, and
potassium and has a low positive correlation with
calcium and magnesium. This implies that one
of the sources of sulfate is sodium sulfate which
was formed in the closed basin (Hem 1986), such
as Urmia Lake Basin. High positive correlation
of chloride with sodium and potassium implies
that the main source of chloride is from halite
and sylvite. High positive correlation of bicarbonate with calcium and magnesium implies that one

Table 1. Statistics for the 504 groundwater samples.
Parameter
SO−2
4
Cl−
HCO−
3
CO−2
3
NO−
3
K+
Na+
Mg+2
Ca+2
pH
TDS
TH
SAR
EC
%Na

Unit

Minimum

Maximum

Mean

Median

Mode

Std. deviation

Skewness

Kurtosis

meq/L
meq/L
meq/L

0.06
0.40
1.09

15.38
117.00
40.48

3.36
6.33
5.67

2.70
3.30
4.00

2.00
2.50
3.00

2.28
8.94
4.39

1.06
5.42
2.80

1.65
53.84
12.65

meq/L
meq/L
meq/L
meq/L
meq/L
meq/L
–
mg/L
meq/L
–
μmoh/cm
–

0.00
0.00
0.00
0.54
0.88
0.32
4.65
192
8.63
0.24
320
7.00

0.50
0.54
0.90
31.65
21.58
20.05
8.70
3432.00
1170.00
16.90
5720
73.21

0.03
0.11
0.19
6.12
4.15
4.73
7.54
924.20
343.82
2.89
1486.98
36.37

0.00
0.07
0.13
4.15
3.50
3.97
7.60
793.15
314.00
2.19
1250.00
36.10

0.00
0.03
0.09
3.80
2.00
4.00
7.80
385.00
310.00
2.10
1300.00
44.00

0.10
0.11
0.16
6.17
2.47
2.76
0.55
536.14
223.22
2.56
870.25
15.89

3.04
1.83
1.69
1.92
2.47
2.14
−1.26
1.37
0.64
1.90
1.44
0.41

8.71
4.09
3.29
2.97
10.96
6.31
3.90
2.07
0.57
3.75
2.36
−0.66

Table 2. Correlation matrix between chemicals for the groundwater samples.
Parameter

SO−2
4

Cl−

SO−2
4
Cl−
HCO−
3

1.00
0.64
−0.23

1.00
−0.16

1.00

0.04
−0.03
0.57
0.69
0.26
0.33
0.12
0.62
−0.01
0.60
0.64
0.62

−0.10
0.01
0.69
0.97
0.38
0.41
0.01
0.89
0.27
0.85
0.91
0.72

−0.18
−0.17
−0.20
−0.18
0.73
0.68
−0.70
0.22
0.24
−0.30
0.22
−0.46

CO−2
3
NO−
3
K+
Na+
Mg+2
Ca+2
pH
TDS
TH
SAR
EC
%Na

HCO−
3

CO−2
3

NO−
3

K+

Na+

Mg+2

Ca+2

pH

TDS

TH

SAR

EC

%Na

1.00
−0.12
−0.04
−0.08
−0.14
−0.19
0.46
−0.14
−0.09
−0.04
−0.14
0.05

1.00
0.20
0.02
−0.10
−0.14
0.17
−0.04
−0.15
0.03
−0.04
0.10

1.00
0.72
0.13
0.25
0.12
0.59
0.03
0.68
0.62
0.62

1.00
0.32
0.35
0.04
0.88
0.23
0.93
0.90
0.81

1.00
0.71
−0.55
0.66
0.38
0.10
0.67
−0.07

1.00
−0.56
0.65
0.25
0.11
0.67
−0.08

1.00
−0.25
−0.16
0.16
−0.25
0.32

1.00
0.42
0.73
0.98
0.55

1.00
0.23
0.40
0.08

1.00
0.74
0.91

1.00
0.56

1.00

Signiﬁcance level of entire parameters is smaller than 5%.
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of groundwater origins may be from calcite and
dolomite. High negative correlation of bicarbonate
with pH shows the hydrogeochemical process that
increase in pH (>8.3) causes to vanish bicarbonate
and to appear carbonate in the system.
3.2 Methods for data analysis
The multivariate statistical techniques such as
hierarchical cluster analysis (HCA), factor analysis (FA), and discriminant analysis (DA) have
been widely used as unbiased methods in analyzing groundwater quality data to draw meaningful
information (Helena et al. 2000; Dragon 2006). The
HCA, FA and DA techniques and the methodology
used for their application are described in detail
in many studies (Davis 1986; Guler et al. 2002;
Lambrakis et al. 2004; Chen et al. 2007). In this
section, we analyzed 15 hydrochemical parameters
in table 1 and standardized them to ensure that
each variable is weighed equally. The multivariate
methods were adopted by using SPSS (SPSS Inc.
2008) and Statistica (StatSoft Inc. 2004).
In this study, the graphical methods (Piper diagram, Stiﬀ diagram and Durov diagram), were
also applied in addition to multivariate statistical analysis. For determining groundwater types
and origins as well as visualizing the evolution of
groundwater chemistry, Piper trilinear diagrams,
Stiﬀ pattern diagram and Durov diagram were

adopted. For the graphical analysis, the concentration unit of the diﬀerent constituents was converted to meq/L to be able to combine their ions
(Hounslow 1995).
4. Results and discussion
4.1 Hydrogeochemical analysis on samples
in dry season, 2004
In this study, we adopted the graphical methods
and the multivariate statistical methods to analyze
the sample data for the dry season, 2004.
4.1.1 Graphical analysis
Hydrogeochemical types of groundwater from
pumping wells, springs, and qanats are indicated
in the Piper diagram shown in ﬁgure 6. The diamond plot is divided into ﬁve zones (A, B, C, D
and E) in order to distinguish diﬀerent types of
groundwater. In zones A, B, C, and D, two groups
of anions and cations are dominant. For example,
−
2+
SO2−
–Mg2+ cations are dom4 –Cl anions and Ca
−
inant in zone A, HCO3 –CO2−
anions and Ca2+ –
3
2+
Mg cations are dominant in zone B, and so forth.
Zone E represents a mixing zone, where neither
anions nor cations are dominant (Todd and Mays
2005).

Figure 6. Piper diagram for dry season, 2004.

Hydrogeochemical analysis for Tasuj plain aquifer, Iran
Most of the groundwater samples are in zone
E, where we cannot identify types of groundwater.
A few samples are in zones A, B, and C. Samples in zone B indicate groundwater from formations that are composed of limestone and dolostone
or from active recharge zones with short residence
time (Hounslow 1995). The ﬁve samples in zone C
may have originated from either halite dissolution
or inverse ion exchange (Davis and Dewiest 1966).
From hydrogeochemistry, it is understood that
Na+ /(Na+ + Cl− ) < 0.5 indicates that the water
is derived from inverse ion exchange (Hounslow
1995) and Na+ /(Na+ + Cl− ) = 0.5 indicates that
water may be derived from halite dissolution.
Therefore, samples 26, 28, 29, and 30 in C zone
with Na+ /(Na+ + Cl− ) = 0.5 imply the source of
water originated from halite dissolution. Sample 27
in zone C originated from inverse ion exchange.
Sample 24 is located at the corner of zone E, which
is diﬀerent from other samples in the mixing zone
and can be inﬂuenced by inverse ion exchange or
shale (Hounslow 1995). Two samples in zone A are
due to dissolution of gypsum. Halite, gypsum and
shale originated from the Oligo-Miocene formation
with bearing shale, halite, marl and gypsiferous
strata.
Groundwater samples of the Tasuj plain were
plotted into the expanded Durov diagram shown
in ﬁgure 7 for hydrogeochemical process analysis.
Based on Lloyd (1965), samples in ﬁelds 1 and 2
2−
2+
with dominant HCO−
–Mg2+ indi3 –CO3 and Ca
cate recharge area waters or waters originating
from limestone and dolostone. They coincide with
zone B in the Piper diagram in ﬁgure 6. Samples
in the ﬁfth ﬁeld indicate that waters exhibit simple dissolution or mixing. It is consistent with the
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Figure 8. Stiﬀ diagrams for dry season, 2004.

mixing zone (no dominant anions and cations) in
the Piper diagram. Groundwater samples in ﬁeld 8
are Cl− dominant and have non-dominant cations
which may reﬂect inverse ion exchange of Na+ –
Cl− waters. Three samples in ﬁeld 9, where Na+
and Cl− are dominant, represents endpoint water
(Zaporozec 1972; Lloyd and Heathcote 1985). It
is consistent with samples in zone C in the Piper
diagram.
We use a Stiﬀ diagram to classify groundwater
from diﬀerent origins. As shown in ﬁgure 8, eight
diﬀerent origins were identiﬁed based on Hounslow
(1995). We identify the origins of the water samples as follows. The C1 class indicates igneous
rocks origin; the C2 class indicates groundwater
with dolostone dominant origin; the C3 class shows
inverse ion exchange process; the C4 class indicates
groundwater with limestone dominant origin; the
C5 class shows gypsiferous formation origin; the C6
indicates saline water; the C7 class shows mixing
groundwater; and the C8 class shows groundwater
that was inﬂuenced by ion exchange or originated
from shale.
4.1.2 Multivariate statistical analysis
4.1.2.1 Hierarchical cluster analysis

Figure 7. Expanded Durov diagram for dry season, 2004.

Using hierarchical cluster analysis, the 30 groundwater samples in the dry season 2004 are shown
in the dendrogram in ﬁgure 9. In our study, we
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Figure 9. Five clusters in the dendrogram for the groundwater samples in dry season, 2004.

adopted the Euclidean distance as a distance measure (or similarity measurement) between samples
and Ward’s method as a linkage rule. The threshold for the linkage distance is set to 2.2. Samples
with linkage distance shorter than 2.2 are grouped
into the same cluster. This threshold results in ﬁve
clusters, named from HC1 to HC5.
The dendrogram implies a level of hydrochemical similarity among the ﬁve clusters. HC3 and
HC4 have similar linkage distance, and thus,
have greater hydrogeochemical similarity. Hydrogeochemical similarity between the geochemistry
of HC1 and HC2 samples are also strong. HC5 is
hydrochemically distinct from other clusters since
the HC5 samples are in zone C in the Piper
diagram.
The hierarchical cluster analysis is able to show
the inﬂuence of nitrate concentration in classiﬁcation while the graphical methods cannot. Based
on the nitrate concentration, the data in the mixing
zone was classiﬁed into the HC1 and HC3 classes.
According to the results of graphical methods, the
samples of the HC2 class were inﬂuenced by the
existence of limestone and dolomite formations.
The mixing zone data in the HC1 and HC3 classes
relates to the HC2 and HC4 classes, respectively.
The existence of shale, sandstone, marl and gypsiferous strata may cause the appearance of the HC4
class.
4.1.2.2 Discriminant analysis
To verify if the aforementioned ﬁve groups were
classiﬁed correctly by the cluster analysis technique, we applied the discriminant analysis (DA)
to the hydrogeochemical data of the Tasuj plain
aquifer. We found that the dependent variables
consist of the classiﬁed groups of samples that
resulted from the cluster analysis. Therefore, all the
samples were classiﬁed to their correct groups, indicating the reliable results from the cluster analysis
technique. We used the squared Mahalanobis distance shown in table 3 to discriminate the groups

Table 3. Squared Mahalanobis distances of groups.
Group
HC1
HC2
HC3
HC4
HC5

HC1

HC2

HC3

HC4

HC5

0
22.9395
39.2391
49.0942
252.18

0
41.6367
58.9392
345.972

0
22.1799
371.251

0
401.346

0

and found that the HC5 class, which corresponds
to Na+ –Cl− , is apparently diﬀerent from other four
groups.
4.1.2.3 Factor analysis
We used factor analysis to ﬁnd eﬀective factors
impacting on the hydrogeochemistry of the Tasuj
plain and the signiﬁcance of correlation between
factors and variables of the data. Strong positive
or negative correlation between a variable and a
factor is indicated by a high factor loading close
to 1 or −1, respectively. Moreover, we adopted the
varimax rotation technique (Kaiser 1958) to distinguish variables with high factor loadings (close
to 1 or −1) from variables with low factor loadings (close to 0). Three factors were identiﬁed
to interpret hydrochemical process in the Tasuj
plain aquifer. They explained 81.6% of data variance. The results of factor analysis are presented
in table 4. Factor 1 and factor 3 present the
largest and smallest variances, respectively. Factor 1 explains 43.38% of total variance and shows
−
+
high positive factor loadings for SO2−
4 , Cl , Na ,
+
K , TDS, SAR, EC, and Na%. Factor 2 accounts
for 30.17% of total variance and is characterized
by high positive factor loadings of TH, Mg2+ ,
Ca2+ and HCO−
3 . Factor 3 accounts for 8.03% of
total variance and is characterized by high positive
2−
factor loadings of NO−
3 , pH, and CO3 .
High factor score of factor 1 is in the west and
middle areas of the plain, which have low hydraulic
conductivity due to ﬁne grain sediment. These
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areas have long groundwater residence time and
show the inﬂuence from salty, gypsiferous layers.
High factor score of factor 2 is in the recharge areas,
where the aquifers have high quality water. High
factor score of factor 3 is in the areas with intensive agricultural activity and domestic sewage. The
connectivity between the surface activities and the
aquifer has led to the leaching of the nitrate from
the anthropogenic activities into the aquifers. In
the east of the plain, the high factor scores are associated with cattle ranging and intense application
of nitrate-rich manures and chemical fertilizers.
High factor loadings of variables that reﬂect
natural hydrogeochemical processes are grouped
in factors 1 and 2 and named the geogenic factor. These variables show the inﬂuence of salty,
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gypsiferous, limestone formation and dolomitic
formation. The most important geogenic factor is
factor 1, which clearly describes the eﬀect of
geological formations on hydrochemical processes
according to the increasing EC and TDS at the end
of the groundwater ﬂow path. High factor loadings
−
of CO2−
3 and NO3 may explain the eﬀect of fertilizers (agricultural activity) and human activities in
the Tasuj plain. This factor is associated with the
inﬂuence of contamination from land surface and
is, therefore, an anthropogenic factor.
According to the factor analysis results, we can
assert that the main factor controlling hydrogeochemical processes in the study area is the geogenic
factor that the geological formation has a high
impact on quality of groundwater in the Tasuj plain
aquifer.

Table 4. Results of factor analysis.
Variable
SO−2
4
Cl−
HCO−
3
CO−2
3
NO−
3
K+
Na+
Mg+2
Ca+2
pH
TDS
TH
SAR
EC
%Na

*Loading > 0.65.

Factor 1

Factor 2

0.80*
0.93*
−0.39

0.38
0.22
0.83*

−0.11
0.01
0.67*
0.97*
0.16
0.19
0.41
0.69*
0.19
0.85*
0.69*
0.84*

−0.23
−0.19
−0.03
0.14
0.91*
0.87*
−0.48
0.48
0.97*
−0.29
0.48
−0.42

Factor 3
0.01
0.00
0.01
0.69*
0.76*
0.36
0.02
−0.03
0.03
0.72*
0.02
−0.01
0.04
0.02
0.06

4.2 Temporal hydrogeochemical variations
The annual average of EC from the samples may
provide a general view of a temporal variation of
groundwater quality in the aquifer. As shown in
ﬁgure 10, from 1999 to 2009 the annual average
EC increases when annual average precipitation
decreases and vice versa in the Tasuj plain. In other
words, the annual average precipitation controls
the groundwater quality in the Tasuj plain. Increasing EC implies that the TDS increases, which in
turn results in decreasing groundwater quality in
the Tasuj plain.
To investigate the water quality variation in
detail, we analyze additional data in 2000, 2003,
2006 and 2009 in addition to 2004. The results of
hierarchical cluster analysis show that the number
of groups is the same as 2004. Comparing the dendrograms from 2000 to 2009 in ﬁgures 9 and 11,

Figure 10. The annual average of EC and precipitation from 1999 to 2009.
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(a)

(b)

(c)

(d)

Figure 11. Dendrograms for (a) 2000, (b) 2003, (c) 2006, and (d) 2009.

the HC4 group varies signiﬁcantly over time. In
2000, 2006, and 2009, the HC4 group has 2 classes
(C1, C5), 2 classes (C5, C8), and 3 classes (C1, C3,
C5), respectively. However, the HC4 group has 4
classes (C1, C3, C5, and C8) in 2003 and 2004. The
appearance of these classes is mostly inﬂuenced by
water and rock interaction through groundwater
level variation, residence time, precipitation and
drawdown. The HC5 group, which corresponds to
Na+ –Cl− type, has much higher linkage distance
than other groups. However, the linkage distance of

HC5 with respect to other groups decreased from
2000 to 2009. In 2009, the HC5 group is very close
to the HC3 (mixing zone) group.
Based on the four types of groundwater shown
in the Piper diagram, we applied indicator kriging to obtain the distribution of groundwater
types for 2000 and 2009 shown in ﬁgure 12.
We found that the mixing zone was extended in
2009. This may be due to artiﬁcial groundwater
recharge mentioned in the previous section. Also,
the SO2−
+ Cl− −(Na+ + K+ ) water type in the
4
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(a)

(b)

Figure 12. Groundwater type distribution (a) 2000 and (b) 2009.

−
2+
west of the plain changed to SO2−
+
4 + Cl −(Mg
2+
Ca ). This may be the eﬀect of inverse ion
exchange due to ﬁne grain sediment in that area.

5. Conclusions
Through the hydrogeological investigation, the
study shows that the Tasuj plain aquifer is composed of alluvium which contained detrital material of diﬀerent formations that includes igneous

and metamorphic rock, dolostone, limestone, conglomerate, sandstone, and salty gypsiferous marl.
The center of the plain near the city of Tasuj and
the southeast of the plain have a thick alluvium. As
a result, transmissivity is high (150–300 m2 /d) in
these areas. However, thin aquifer thickness in the
southwest of the plain as well as low permeability
causes low transmissivity (25–50 m2 /d).
The graphical methods and multivariate analysis techniques were able to identify speciﬁc hydrogeochemical processes in the study area. Piper
diagrams showed four types of groundwater quality
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and a Durov diagram deduced important hydrogeochemical processes (e.g., inverse ion exchange and
mixing). Stiﬀ diagrams classiﬁed hydrogeochemical data into eight classes and determined their
origins.
However, hierarchical cluster analysis (HCA)
clustered samples into ﬁve classes. By taking
advantage of HCA, we found that nitrate concentration (a minor ion) inﬂuences the mixing zone
samples and the samples can be divided into two
groups (HC1 and HC3) with diﬀerent nitrate concentrations. We used this advantage to identify
high nitrate samples in the selected 4 years. Discriminant analysis (DA) method showed the consistency in using the HCA as a clustering method.
Factor analysis (FA) deduced three eﬀective factors for the hydrochemistry of the study area. Also,
FA showed that the most important factor was
geogenic factor which indicates high impact of geological formations. Nevertheless, the anthropogenic
factor inferred the eﬀect of agricultural activity
and domestic sewage on groundwater quality of the
Tasuj plain.
The temporal variation of groundwater quality
was evaluated by the annual average EC from 1999
to 2009. We found that annual average EC in
the Tasuj aquifer has high inverse correlation with
annual average precipitation. Therefore, groundwater quality is controlled by annual average
precipitation.
Comparison of the HCA results from dendrograms helped us to identify high nitrate sample
group (HC1) based on sampling location. According to the distribution of diﬀerent groundwater
types, artiﬁcial recharge may have expanded the
−
+
+
mixing zone. Also, SO2−
4 + Cl −(Na + K ) water
type in the west of the plain changed to
SO2−
+ Cl− −(Mg2+ + Ca2+ ), which may be the
4
eﬀect of inverse ion exchange due to ﬁne grain
sediment in the west part of the Tasuj plain.
This study concludes that the graphical methods
and the multivariate analysis methods are useful
methods for the investigation of complex hydrogeochemical data. These methods can be useful for
deduction of diﬀerent hydrogeochemical processes
and hydrogeochemical evolution and variation in a
hydrogeological system.
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