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Abstract Hydrogeochemical investigations of ground-
water in Torbat-Zaveh plain have been carried out to
assess the water quality for drinking and irrigation pur-
poses. In this study, 190 groundwater samples were col-
lected and analyzed for physicochemical parameters and
major ion concentrations. The abundance of major cat-
ions and anions was in the following order: Na+ >Mg2+ >

Ca2+ > K+, and Cl− > SO2�
4 > HCO�

3 > CO2�
3 . As a

result, alkaline element (Na+) exceeds alkaline earth ele-

ments (Mg2+ and Ca2+), and strong acids (Cl− and SO2�
4 )

dominate weak acids (HCO�
3 and CO2�

3 ) in majority of
the groundwater samples. Statistical analyses including
Spearman correlation coefficients and factor analysis dis-
play good correlation between physicochemical parame-
ters (EC, TDS and TH) and Na+, Mg2+, Ca2+, Cl− and

SO2�
4 . The results display that rock-weathering interac-

tions and ion-exchange processes play important role in
controlling groundwater chemistry. Saturation index
values also indicate that water chemistry is significantly
affected by carbonate minerals such as calcite, aragonite

and dolomite. US Salinity Laboratory(USSL) andWilcox
diagrams together with permeability index values reveal
that most of the groundwater samples are suitable for
irrigation purpose. However, in some regions, the water
samples do not indicate required irrigational quality.
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Introduction

Groundwater is a major source of water supply for drink-
ing, irrigation and industrial purposes in the world, espe-
cially in arid and semi-arid regions. Recently, population
growth, urbanization, and intense agricultural and indus-
trial activities have caused tremendous increase in de-
mand for freshwater. Poor water quality unfavorably
affects plant growth and human health (Wilcox 1948;
WHO 2006; Hem 1991; Karanth 1987). Therefore,
comprehending the hydrochemical properties of ground-
water resources and evolution of groundwater under
natural water circulation processes seems to be very
important to preserve these precious resources, predict
the change in groundwater environments, and also plan-
ning and management of the resources (Guendouz et al.
2003; Edmunds et al. 2006; Wen et al. 2008; Tizro and
Voudouris 2008; Prasanna et al. 2010).

Hydrogeochemical study of groundwater resources is
useful to identify processes controlling groundwater
chemistry (Rajmohan and Elango 2004; Liu et al. 2008;
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Singh et al. 2008; Rajmohan et al. 2009; Tirumalesh et al.
2010; Hundal 2011; Zhu and Schwartz 2011; Rajesh et al.
2012). Groundwater quality is generally controlled by
natural factors including mineralogy, geological struc-
tures, recharge water composition, residence time and
geochemical reactions that occur within an aquifer.
Anthropogenic factors such as over pumping, and agri-
cultural and industrial activities are also important in
governing groundwater quality (Fetter 1994; Karanth
1987; Bhatt and Saklani 1996; Appelo and Postma 2005).

Many researchers have carried out extensive studies on
groundwater quality (Tay 2012; Kolsi et al. 2013; Kumar
et al. 2014; Alaya et al. 2014; Corniello and Ducci 2014).
Using electrical conductivity (EC), sodium absorption ra-
tio (SAR), sodium percentage (Na%), total hardness (TH),
total dissolved solid (TDS) and residual sodium carbonate
(RSC) classifications, Esmaeili and Moore (2012) investi-
gated groundwater hydrogeochemistry in Isfahan province
(Iran) and concluded that groundwater loses its quality for
irrigation in central and eastern parts of the province. Del
Campo et al. (2014) applied principal component analysis
(PCA) to group-correlated variables and identify processes
affecting groundwater chemistry. They contributed
HCO�

3 , Na
þ, Mg2þ and Si to natural processes and

SO2�
4 , NO�

3 , Cl
�, Ca2þ andKþ to anthropogenic activity.

Using Gibbs diagram, Singh et al. (2013) indicated dom-
inance of rock weathering in controlling hydrochemistry
of the groundwater from Jhansi district (India). Aghazadeh
and Mogaddam (2011) applied saturation index (SI) to
evaluate degree of equilibrium between water and min-
erals. They concluded that nearly all of the water samples
were oversaturated with respect to carbonate minerals
(calcite, dolomite and aragonite) and unsaturated regarding
sulfate minerals (gypsum and anhydrite).

In the last decade, extensive development in different
fields such as urbanization and agriculture in Torbat-
Zaveh plain has caused large uncertainties about the
groundwater quality for drinking and irrigation pur-
poses. The main objectives of this study are to identify
(1) hydrogeochemical characteristics of groundwater;
(2) processes controlling groundwater chemistry; (3)
groundwater drinking suitability; and (4) groundwater
quality for irrigation in Torbat-Zaveh plain.

Study area

Torbat-Zaveh plain is situated in Zaveh (about 65 % of
the total area) and Torbat Heydarieh, Khorasan Razavi

province (Fig. 1a–c) and lies between north latitude 35°
01′ 30″ to 35° 31′ 00″ and east longitude 58° 57′ 55″ to
59° 58′ 45″. The average area of Torbat-Zaveh plain is
2606 km2, with an average altitude 1639 m from sea
level. The study area is bounded by Fariman in the
north, Torbat Jam and Bakherz in the east, Roshtkhar
and Khaf in the south, and Torbat Heydarieh in the west.
Alluvial aquifer is recharged by Kalsar and Shastdarreh
rivers. According to reports of Statistical Center of Iran
in 2006, total population of the area is about 204,606
with a biological density of 5.6, indicating intense pop-
ulation density over farmlands. The study area experi-
ences semi-arid climate, with the average annual tem-
perature of 13.3 °C, ranging from 1.7 °C in winter to
24.6 °C in summer. Rainfall mainly takes place in winter
and spring seasons. Average annual rainfall is 275 mm
with a total rainfall volume of 716.7 million m3. Low
precipitation and excessive usages of the groundwater
for drinking, agricultural and industrial purposes in re-
cent years are led to severe water table decline in the
study area, preventing more aquifer evolution. Hence,
water quality assessment is important to identify its
suitability for consumption in different sectors.

Geologic setting

Structurally and tectonically, the study area contains a
sector of dynamic system of the Alps-Himalaya. Several
major and minor faults, especially Daruneh fault, influ-
ence the area (Fig. 1d). Figure 1e indicates that geolog-
ically Torbat-Zaveh plain contains the Central Iran zone
(Stöcklin 1974).

The study area is bounded in the north by
ophiolite complex of Fariman-Torbat Hydarieh, in
the south by acidic to intermediate igneous rocks,
in the east by gypsiferous marls, sandstones and
limestones plus conglomerates, and in the west by
sandstones and conglomerates plus acidic to inter-
mediate igneous rocks. The area is covered by Late
Neogene to Quaternary Formations. These
Formations unconformably overlie older Mesozoic–
Paleogene Formations. They consist of laterally and
vertically variable sequences of conglomerates,
sandstones, siltstones, limestones, marls and clays.
In some parts, they also consist of variable se-
quences of fine and medium sand with minor silt
and limestones that interfinger with a sequence of
clay and clayey sand (Fig. 1d).
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There are two major lithological units (ophiolitic
complex and sedimentary rocks) in the study area. The
ophiolitic complex is mostly composed of hydrated
ultramafic rocks (serpentinized mantle peridotites and
serpentinites), fragments of layered and isotropic
gabbros, diabases, basalts and pelagic sediments.
Typical geogenic sources of Cr are ultramafic rocks
and serpentinites of ophiolites. Mg and Ni are also
typical constituents of ophiolitic complex. The sedimen-
tary rocks (detrital, carbonates and evaporites) generally
occurred in southern and northern parts of the study area
(Fig. 1d). The subsurface lithology of the study area
shows different types of geological Formations which
include granitoid rocks, conglomerates, sandstones,
limestones, marls, evaporites and clayey Formations.
Except for northern and southern parts of the region,
the entire area is covered by sedimentary formations
ranging in age from upper cretaceous to recent.

Hydrology

Hydrologically, the study area is situated in Torbat-
Zaveh catchment area. The aquifers are mainly uncon-
fined and exploited through more than 800 bore and dug
wells, and occur in the alluvial plain. Geoelectric inves-
tigations in Torbat-Zaveh plain demonstrate a very
rough bedrock which leads to vary alluvium thickness
from greater than 300 m in the north and east to lower
than 20 m in the center and south of the plain. Alluvial
deposits in the north are fine grained with high perme-
ability; whereas, granularity and permeability gradually
decrease toward the west and south of the alluvium
plain. Depth of the wells ranges from 3.5 to 250 m and
the wells discharge varies from 0.3 to 78 l/s with an
average 16 l/s. The bedrock outcrops in some parts of
the plain interrupt the alluvium and saturation zone. In
central parts of Torbat-Zaveh plain, karstic limestones

Fig. 1 a Khorasan Razavi province position in Iran, b position of Zaveh and Torbat Heydarieh in Khorasan Razavi province, c Torbat-
Zaveh plain position, d geological map of Torbat-Zaveh plain, and e structural zones of Iran
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which underlaid the alluvium are in a hydrological
relationship with the layer of alluvium. However, the
karstic limestones are not significantly extended in the
plain to contain considerable amount of water. The
bedrock changes from conglomerate in the north to
acidic to intermediate igneous rocks in the south
(Fig. 2a, b).

The Kale Salar and Kale Gorg (Kale Sabi) are the
major rivers controlling the drainage pattern of the area.
Kale Salar is the most important river flowing from
north to south through the heartland of the area. This
river irrigates the northern and southern parts of the area
and meets Kale Gorg River in the Sabi district.
Groundwater and qanats are the main sources of water
for irrigation and drinking in the area. Nearly 94.7 % of
the groundwater resources are exploited for agricultural
purposes while 5.1 and 0.2 % are used for drinking and
industry, respectively.

Based on digital elevation model (DEM) illustrat-
ed in Fig. 3, the direction of surface water flow is
toward the south. It means that the dissolved ions in
the upstream where various geological units are
leached by surface drainage could be transported to
the south. Hence, high ionic concentrations in the
downstream might lead to percolate waters having
high dissolved ions in the groundwater. The piezo-
metric map of water table based on 190 piezometric
wells in September 2012 displays that major direc-
tion of the groundwater flow is toward the south
(Fig. 4a). It is obvious that content of the dissolved
ions derived from aquifer matrix would increase in
the south. Figure 4b shows considerable decline of
water table in a 6-year time span, especially in the south
of the study area. It has mainly been due to intense
precipitation decrease, over pumping and rapid devel-
opment of agriculture in most recent years.

Fig. 2 Hydrogeological cross sections a in N-S direction and b in SE-NW direction (location of the cross sections is presented in Fig. 1d)
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Materials and methods

Sampling and sample treatment

To assess the groundwater chemistry, a total of 190 sam-
ples were collected from piezometric wells during
September 2012 (Fig. 3). Methods of collection and anal-
ysis of the samples are essentially the same as given by
APHA (1998). Water samples were collected in new, dry,
clean and sterilized polyethylene bottles (1-l capacity)
pre-washed with 1:1 HNO3 and rinsed three times with
distilled water before sampling. Physicochemical pa-
rameters including EC and pH were measured at the
site using portable measuring implements (WTW
Cond 340i, Germany) instantly after collection of
the samples. The electrodes were calibrated before each
measurement and the calibration was checked following
the measurement. Then the collected samples were la-
beled, transported to laboratory and stored at 4 °C for
further analysis.

Analysis

The samples were analyzed for chloride, bicarbonate,
carbonate, sulfate, sodium, potassium, calcium, magne-
sium and TDS following the standard water quality
methods within 48 h after sampling (Table 1). TDS were
measured by evaporating a pre-filtered sample to dry-
ness. The analytical data quality assurance and control
(QA/QC) measures included use of standard operating
procedures, rigorous checking of reagent blanks and
standards, plus analyses of the replicate collected QC
samples. The analytical precision for ions was identified

by the ionic balances computed as cations�anions
cationsþanions

� �
� 100,

which usually fell within ±10 %. The equipment and
instruments were calibrated and tested with calibration
blanks and standards as per specifications outlined in
standard methods of water (APHA 1998). TH, SI, Na%,
SAR, RSC and permeability index (PI) were calculated
by reference formulae (Table 2).

Fig. 3 Position of water samples,
and digital elevation model
(DEM) indicating direction of
surface water flow

Fig. 4 a Piezometric map of the study area showing the groundwater flow direction and b decline curves of water table in the study area
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Arc GIS 10.1 was used to produce geological map,
DEM, piezometric map, decline map of groundwater
table, spatial distribution of major ions concentration
and physicochemical parameters, and integrated drink-
ing water suitability map. Since the sampling wells were
well distributed throughout the study area, inverse dis-
tance weighted (IDW) method was used for the
interpolation.

In order to exhibit the relationship between param-
eters, correlation coefficients and factor analysis (FA)
were identified using IBM SPSS 20. Correlation co-
efficient is usually used to establish the relation be-
tween independent and dependent variables (Nair et
al. 2005). Due to non-normal distribution of the ma-
jor ions and parameters, Spearman rank correlation
was used. FA also reduces dimensionality, groups the
data in the least feasible components and explain the
most possible information contained in the dataset
(Harman 1976; Johnson and Wichern 1992;
Reimann et al. 2002). FA was applied with PCA

method based on eigenvalues greater than one, and
varimax rotation to distinguish the partial contribu-
tions and determine the optimum number of factors.
Moreover, to extract the optimum number of compo-
nents, Kaiser normalization is required. The sampling
adequacy for PCA was also checked by Kaiser–
Meyer–Olkin measure (KMO >0.5).

For determining the chemical equilibrium between
minerals and water, saturation indices of evaporites
(gypsum, anhydrite and halite) and carbonates (cal-
cite, dolomite and aragonite) were calculated using
PHREEQC computer software version 2 (Parkhurst
and Appelo 1999) via Eq. b (Table 2), where SI is the
saturation index, IAP is the ion activity product of
particular solid phase and Ksp is the solubility prod-
uct of that phase. Ion activity and Debye–Huckel
expression is used by PHREEQC software to calcu-
late the coefficient activity. The aqueous model is
suitable for low ionic strength (lower than sea water)
which is acceptable for groundwater in the study area
(Parkhurst and Appelo 1999).

Results and discussion

In this section, the measured major ions and physi-
cochemical parameters in the groundwater are com-
pared with WHO allowable limits for drinking wa-
ter. In order to reveal source(es) of dissolved species
and compositional relations among them, correlation
coefficient and FA are used. As well, Gibbs dia-
grams and saturation indices are applied to deter-
mine process(s) governing hydrochemistry of the
groundwater. For evaluation of irrigation suitability,
EC, SAR, RSC, TH, PI, and USSL and Wilcox
diagrams are also used.

Table 1 Methods used for analyzing major cations and anions
(concentrations in mg/l)

Parameter Method

Sodium Flame photometrya

Potassium Flame photometrya

Calcium Flame photometrya

Magnesium Flame photometrya

Chloride AgNO3 titration

Sulfate Spectrophotometryb

Bicarbonate Titrimetry

Carbonate Titrimetry

a Flame photometer, model FP114; Thermo Scientific, USA
b Spectrophotometer, Unico 1200, USA

Table 2 Equations used for
calculating TH, SI, Na%, SAR,
RSC and PI

Equation Parameter Reference

a TH=2.497 Ca2++4.115 Mg2+ Todd (1980)

b SI ¼ log IAP
Ksp

� �
Parkhurst and Appelo (1999)

c Na% ¼ NaþþKþ
Ca2þþMg2þþNaþþKþ � 100 Wilcox (1955)

d SAR ¼ Naþffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ca2þþMg2þ

2

p Richards (1954)

e RSC ¼ HCO�
3 þ CO2�

3

� �
– Ca2þ þMg2þ
� �

Eaton (1950)

f
PI ¼ Naþþ

ffiffiffiffiffiffiffiffiffiffi
HCO�

3

pð Þ
NaþþMg2þ þCa2þð Þ � 100

Doneen (1966)
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Water type

The Torbat-Zaveh plain has a varied groundwater qual-
ity mainly due to its complex geology. The groundwater
resources are mostly located in Neogene to Quaternary
sediments. Therefore, the water quality in the area varies
within the basin due to combination of different factors
such as complex geology, variation in composition of
lithological units, basin origins, aquifer sediment com-
position and hydrological characteristics of the aquifers.
In addition, all water resources have different levels of
contaminants that limit their uses.

In order to understand chemical character of the
groundwater and relationships between the dissolved
ionic constituents, the hydrochemical data has been plot-
ted on Piper diagram (Piper 1944) using AquaChem
software (Fig. 5). Based on the dominance of different
cations and anions in the groundwater, six hydrochemical
water types can be defined as NaCl, CaHCO3, mixed
CaNaHCO3, mixed CaMgCl, NaHCO3 and CaCl. About
54% of the samples fall in the NaCl field and 20% of the
samples lie in the CaHCO3 field, signifying the alkalies
exceed the alkaline earths. Abundance of the alkali ele-
ments is probably due to weathering of alkali feldspar
minerals in the groundwater. The alkaline earth elements
content is significantly reflecting dissolution of Ca,Mg-
bearing minerals in geological Formations. Hence, NaCl,
CaHCO3 and mixed CaNaHCO3 are the pre-dominant
hydrogeochemical facies in the plain, respectively. This

is as a result of a long time contact with the finer sedi-
ments and a significant water–sediment interaction.

Groundwater chemistry

Groundwater chemistry has contributed important infor-
mation on suitability of groundwater for drinking and
agricultural purposes, and its contamination has been
recognized as one of the most serious problems in the
world (Adams et al. 2001; Jalali 2009; Djabri et al. 2008).
Hydrogeochemical study is a useful tool in understanding
and identifying the processes responsible for chemical
quality of groundwater (Subba Rao 2007; Kumar et al.
2014). Chemical constituents of groundwater are a result
of geochemical processes occurring due to the reaction of
water and geologic materials (Appelo 1996).

Statistical summary of the physicochemical parame-
ters and the major ions of the groundwater in Torbat-
Zaveh catchment area including average, maximum and
minimum is presented in Table 3. Normality of the data
was examined using one-sample Kolmogrov–Smirnov
test. The result indicates that all parameters are non-
normally distributed (significant level <0.05). The skew-
ness and kurtosis values also verify non-normality of the
data (Table 3).

Water pH provides vital information in many types of
geochemical equilibrium or solubility calculations
(Hem 1985). Optimum pH value for drinking water is
specified as 6.5–8.5 (WHO 2004). The pH value of the

Fig. 5 Piper diagram showing hydrogeochemical character of groundwater samples in the study area
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groundwater samples in the study area varies from 6.3 to
8.8, with an average value of 8.2, indicating alkaline
nature. The pH value in 19.23 % of the samples is above
and 0.55 % of the samples is below the optimum range
(Fig. 6). Therefore, most of the groundwater samples
were slightly alkaline due to the presence of carbonates
and bicarbonates.

Permissible limit of TDS in drinking water is
1000 mg/l (WHO 2004). Groundwater with high TDS
is not suitable for both irrigation and drinking purposes
(Fetter and Fetter 2001). TDS values in the groundwater
samples range from 199.1 to 4728.5 mg/l, with an
average value of 1002.0. TDS values in 34.06 % of
the samples are greater than the maximum acceptable
limit (Fig. 6). Abundance of ophiolite complex and
acidic to intermediate igneous rocks in the area suggests
that silicate-weathering process might be carried out on
the basis of the following reactions:

2NaA1Si3O8 þ 9H2Oþ 2H2CO3 ¼ A12Si2O5 OHð Þ4 Kaoliniteð Þ
þ 2Naþ þ 2HCO−

3 þ 4H4SiO4

CaAl2Si2O8 Anortiteð Þ þ 2CO2 þ 3H2O

¼ Al2Si2O5 OHð Þ4 Kaoliniteð Þ þ Ca2þ þ 2HCO−
3

2KMg3A1Si3O10 OHð Þ10 Biotiteð Þ þ 14CO2 þ 15H2O

¼ A12Si2O5 OHð Þ4 Kaoliniteð Þ þ 2Kþ þ 6Mg2þ þ 14HCO−
3

þ 4Η4SiO4

Mg2SiO4 Olivineð Þ þ 4H2CO3 ¼ 2Mg2þ þ 4H4SiO4

CaMgFeAl2Si3O12 þ 6CO2 þ 5H2O ¼ Al2Si2O5 OHð Þ4 Kaoliniteð Þ
þ Ca2þ þMg2þ þ Fe2þ þ 6HCO−

3 þ SiO2

Since weathering of aluminosilicate minerals is a
slow process, high TDS of the groundwater (average
TDS 1002 mg/l) could be interpreted as the conse-
quence of moderate to long residence time of solutions
within the aquifers.

EC is a measure of water capacity to convey electric
current (Prasanth et al. 2012). Conductivity values range
from 260.5 to 6023.7 μs/cm, with an average value of
1328.9 μs/cm. High EC range of the water samples indi-
cates enrichment of salts in the groundwater. Maximum
allowable limit for EC in drinking water is 1500 μs/cm
(WHO 2004). Therefore, EC values in 29.67 % of the
samples are higher than the permissible limit (Fig. 6).
Similar to TDS, high EC values may be due to lithological
Formations (mainly the ophiolite complex) and long res-
idence time of the groundwater in the area.

Calculated TH values (using Eq. a in Table 2) for the
groundwater samples range from 65.1 to 2016.6 mg/l,
with an average 275.2 mg/l. Maximum allowable limit
for TH in drinking water is 500 mg/l, while the most
desirable limit is 100 mg/l (WHO 2004). Soft waters
with a hardness of less than 100 mg/l have a low
buffering capacity and may be more corrosive to water

Table 3 Descriptive statistics of the physicochemical parameters and the major ions of the groundwater in Torbat-Zaveh catchment area

Parameter Min. Max. Ave. Skewness Kurtosis Sig. level for
normality test

Guideline value

pH 6.3 8.8 8.2 −1.4 2.8 0.000 6.5–8.5b

TDS (mg/l) 199.1 4728.5 1002.0 1.9 4.4 0.000 600–1000b

EC (μs/cm) 260.5 6023.7 1328.9 1.7 3.6 0.000 1500b

TH (mg/l) 65.1 2016.6 275.2 3.8 21.8 0.000 100–500b

Na+ (mg/l) 9.2 965.6 223.6 1.5 2.0 0.000 200b

K+ (mg/l) <DLa 70.4 1.6 6.1 37.8 0.000 12b

Mg2+ (mg/l) 8.5 193.2 36.8 2.4 7.8 0.000 50–150b

Ca2+ (mg/l) 2.0 521.0 49.5 5.1 35.3 0.000 100–300b

SO2�
4 (mg/l) 4.8 1575.0 211.2 2.5 8.5 0.000 250b

Cl− (mg/l) 7.1 1992.0 230.9 2.9 10.5 0.000 250b

HCO�
3 (mg/l) 103.7 561.4 248.6 1.4 3.0 0.000 240b

CO2�
3 (mg/l) <DL 60.0 11.3 1.2 1.3 0.000 –

n = 190
a <Detection limit
bWHO (2004)
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pipes. Hard water is mainly an esthetic concern on
account of the unpleasant taste. It also reduces the ability
of soap to produce lather and causes scale formation in
pipes and on plumbing fixtures. Hardness value exceeds
the maximum permissible limit (500 mg/l) in 9.34 % of
the samples (Fig. 6). The classification of groundwater
based on TH (Table 7) shows that majority of the
groundwater samples (76.84 %) fall in hard to very hard
category.

Average concentration of the major cations and an-

ions are in the order of Na+>Ca2+ > Mg2+ > K+, and

HCO�
3 > Cl− > SO2�

4 > CO2�
3 , respectively (Table 3).

Na+ and K+ concentrations vary between 9.2 and 965.6
mg/l, and less than the detection limit to 70.4 mg/l,
respectively. It is obvious that Na+ (average concentra-
tion 223.6 mg/l) poses major cation chemistry of the
groundwater, while K+ is found in the least concentra-
tion (average concentration 1.6 mg/l). Desirable limits
for Na+ and K+ are 200 and 12mg/l, respectively (WHO
2004). Sodium content in 43.41 % of the samples ex-
ceeds the desirable limit (Fig. 6). Na+ content in the
groundwater is derived from weathering of the hard

Fig. 6 Contour maps of major ions and water quality parameters in Torbat-Zaveh plain
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rocks, especially spilitic rocks, evaporites (e.g. halite)
and silicate minerals. Potassium content in most of the
groundwater samples is below the allowable limit (Fig.
6). In comparison with other cations, lower level of
potassium in the region is related to lack of potassium-
bearing minerals in the lithological units, its greater
resistance to chemical weathering, and substituting in
crystal structure of some clay minerals.

Ca2+ and Mg2+concentrations vary from 2.0 to 521.0
and 8.5 to 193.2 mg/l, respectively. The taste threshold
for Ca2+ and Mg2+ is in the range of 100–300 and 50–
150 mg/l, respectively, depending on the associated
anion (WHO 2004). Based on Fig. 6, Ca2+ concentra-
tion in 90.66 % of the samples is lower than the WHO

standard (<100 mg/l) whereas Mg2+ content in 82.43 %
of the samples is below the permissible limit (<50 mg/l).
Ca2+ and Mg2+ can be derived from weathering of Ca-
bearing minerals such as calcite, dolomite and aragonite
(Prasanna et al. 2010). Abundant Mg-bearing minerals
(e.g. olivine, pyroxene and amphiboles) in the ophiolite

complex can also be considered as a possible Mg2þ

source. Presence of CO2, and Fe and Mn catalysts
associated with H2O , creates favorable conditions for
serpentinization of the ferromagnesian minerals. It is
important that Ca2+ and Mg2+ contents in most of the
samples are below the WHO standard (Fig. 6).
Processes controlling water chemistry such as ion ex-
change are apparently responsible for low content of

Fig. 6 (continued)
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Ca2+ and Mg2+ in the groundwater. Ca2+ and Mg2+

could be replaced by Na+ and K+ on adsorption sites
of clay minerals and Fe–Mn oxy-hydroxides.

Chloride content varies between 7.1 and 1992.0mg/l,
with an average content of 230.9 mg/l. High chloride
concentration in water is usually regarded as an index of
pollution and considered as tracer for groundwater con-
tamination. Excess of chloride in water resources is due
to weathering of Cl-bearing minerals such as halite
together with anthropogenic sources including domestic
effluents, fertilizers, septic tanks and leachates from
landfills (Loizidou and Kapetanios 1993). Chloride con-
centrations in excess of 250 mg/l can lead to detectable
taste in water (WHO 2004). Chloride content in 25.83%
of the samples exceeds the permissible limit. The
highest content of chloride is observed in the west and
south of the plain (Fig. 6). High Cl−concent in ground-
water is responsible for hypertension, osteoporosis, re-
nal stones and asthma (Maiti 1982).

Bicarbonate content varies between 103.7 and

561.4 mg/l. Major source of HCO�
3 in groundwater is

calcite and dolomite dissolution, and secondary sources
could derive from dissolution of CO2 by anoxic biodeg-
radation of organic matter that could be originated from
industrial and domestic sewage, septic tanks and buried
waste in landfills (Canter 1996; Jeong 2001;
Zilberbrand et al. 2001). However, HCO�

3 has no well-
known adverse health effects, it should not exceed
240 mg/l (WHO 2004). HCO�

3 concentration in
46.15 % of the samples exceeds permissible limit (Fig.
6). The high concentration of Mg2+, Ca2+ and HCO�

3 in
the aquifer may be due to interaction of water with
dolomite, limestone and the ferromagnesian minerals
of the ophiolite complex. Their dissolution and

depositional processes plus weathering of the silicate
minerals are contributing toward enrichment of the ions.

Sulfate content ranges from 4.8 to 1575.0mg/l, with an
average content of 211.2 mg/l. Sulfate in drinking water
may cause significant taste at concentrations above
250 mg/l and may contribute to the corrosion of distribu-
tion systems, nevertheless, sulfate health-related impacts
such as gastrointestinal effects occur in concentrations
above 500 mg/l (WHO 2004). Sulfate levels in 26.93 %
of the samples which are mostly placed in the south and
east of the plain are greater than the allowable limit (Fig.
6).Major sources of sulfate in groundwater are weathering
of sulfate-bearing minerals (e.g. gypsum and anhydrite)
and industrial wastes (Fianko et al. 2009).

Analytical results along with field studies reveal that
anthropogenic activities such as usage of fertilizers and
irrigation return flow have slight proportion on the
groundwater chemistry in the study area. However,
further investigation is needed to confirm this
assumption.

Groundwater drinking suitability

There has been no comprehensive index to evaluate drink-
ing water suitability based on water quality parameters
until now. In the present study, number of water quality
parameters (including pH, EC, TDS, TH, HCO�

3 , Cl
−,

SO2�
4 , Ca2+, Mg2+, Na+ and K+) with the values greater

than WHO acceptable limit for each sample was deter-
mined as integrated drinking water suitability index. Note
that the number of parameters used in this index could be
variable although more number of parameters leads to a
more comprehensive result. Then, drinking water suitabil-
ity of the samples was classified on the basis of Table 4.
Spatial distribution of integrated drinking water suitability
index reveals that 31.87%of the samples fall in unsuitable
and very unsuitable categories, while 26.37 % of the
samples are suitable for drinking goal (Fig. 7). It is clear
that unsuitability is mostly observed in the south of the
study area.

Compositional relations of dissolved species

Compositional relations among dissolved species can
reveal origin of solutes and process(es) regulating the
observed water compositions (Jalali 2007; Singh et al.
2008). Since the data are non-normally distributed,
Spearman rank correlation was used to measure

Table 4 Classification of integrated drinking water suitability
index

Class Integrated drinking
water suitability index

Drinking water quality

0 0 Suitable

1 1 Doubtfully suitable

2 2 Moderately unsuitable

3 3 Considerably unsuitable

4 4 Unsuitable

5 >4 Very unsuitable
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correlation between variables (Table 5). EC and TDS
indicate the highest correlation coefficient in p value
<0.01. This is due to the fact that conductivity depends
on total dissolved solids and the main constituents of

TDS in water are Na+, Cl− and SO2�
4 . Ca2+, Mg2+, Na+,

Cl− and SO2�
4 exhibit good positive correlation coeffi-

cient with EC, TDS and TH. It is obvious that the major
elements contribute to the groundwater salinity. It would
be expected that the groundwater salinization is affected
through ionic concentrations increase due to interactions
between the groundwater and the geological Formations.

The Na+–Cl- relationship is mostly used to identify
mechanisms related to salinity in semi-arid regions
(Magaritz et al. 1981; Dixon and Chiswell 1992; Sami

1992; Ganyaglo et al. 2011). High positive correlation
coefficient between Na+ and Cl− suggests the pre-
dominance of chemical weathering and dissolution of
chloride salts (mostly halite) in the study area. This
means that base exchange and dissolution of sodium
salts during movement of the groundwater through sed-
iments might lead to high sodium concentration. The
Na+/Cl−molar ratio of greater than 1 reflects Na+ release
from silicate weathering (Meybeck 1987). The ratio in
90.53 % of the groundwater samples is greater than 1
(Fig. 8), which suggests weathering of spilitic rocks
(Na-bearing basalts of ophiolite complex) as a main
source of excess Na+ content. Although silicate
weathering is not the only source for Na+ due to the fact

Fig. 7 Integrated drinking water
suitability map of Torbat-Zaveh
plain

Table 5 Correlation matrix of the groundwater quality variables in the study area

Parameter TH EC TDS pH CO2�
3 HCO�

3 Cl− SO2�
4 Ca2+ Mg2+ K+ Na+

Na+ 0.599** 0.952** 0.955** −0.119 −0.015 0.279** 0.921** 0.794** 0.514** 0.473** 0.301** 1.000

K+ 0.288** 0.301** 0.301** −0.142 −0.186* −0.051 0.294** 0.198** 0.248** 0.297** 1.000

Mg2+ 0.801** 0.597** 0.596** −0.049 −0.005 0.275** 0.549** 0.515** 0.373** 1.000

Ca2+ 0.814** 0.684** 0.661** −0.546** −0.384** 0.077 0.656** 0.567** 1.000

SO2�
4

0.666** 0.849** 0.852** −0.183* −0.032 0.182* 0.704** 1.000

Cl− 0.717** 0.944** 0.924** −0.177* −0.072 0.197** 1.000

HCO�
3 0.249** 0.268** 0.333** −0.166* −0.124 1.000

CO2�
3

−0.214** −0.091 −0.105 0.822** 1.000

pH −0.342** −0.225** −0.237** 1.000

TDS 0.775** 0.985** 1.000

EC 0.786** 1.000

TH 1.000

*Correlation is significant at the 0.05 level (two-tailed); **correlation is significant at the 0.01 level (two-tailed)

Na+ 0.599** 0.952** 0.955** −0.119 −0.015 0.279** 0.921** 0.794** 0.514** 0.473** 0.301** 1.000

K+ 0.288** 0.301** 0.301** −0.142 −0.186* −0.051 0.294** 0.198** 0.248** 0.297** 1.000

Mg2+ 0.801** 0.597** 0.596** −0.049 −0.005 0.275** 0.549** 0.515** 0.373** 1.000

Ca2+ 0.814** 0.684** 0.661** −0.546** −0.384** 0.077 0.656** 0.567** 1.000

SO42� 0.666** 0.849** 0.852** −0.183* −0.032 0.182* 0.704** 1.000

Cl− 0.717** 0.944** 0.924** −0.177* −0.072 0.197** 1.000

HCO3� 0.249** 0.268** 0.333** −0.166* −0.124 1.000

CO32� −0.214** −0.091 −0.105 0.822** 1.000

pH −0.342** −0.225** −0.237** 1.000

TDS 0.775** 0.985** 1.000

EC 0.786** 1.000

TH 1.000

*Correlation is significant at the 0.05 level (two-tailed); **correlation is significant at the 0.01 level (two-tailed)
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that HCO�
3 is not the most abundant anion in all of the

water samples (Table 3). This means that HCO�
3 could

be the most important anion in the groundwater if solutes
would primarily be derived from silicate weathering,
whereas on the basis of Piper diagram, Cl− is a major
anion in the groundwater. This suggests that other
sources and/or processes such as ion exchange could
be considered for the additional Na+ concentrations.

The relationship between Ca2+ and SO2�
4 contents is

characterized by a good positive correlation coefficient

(0.567) and SO2�
4 /Ca2+ molar ratio superior to 1. Ca2+

and Mg2+ display good positive correlation coefficient

with Cl− and SO2�
4 in p value <0.01, indicating disso-

lution of chloride and sulfate minerals (Table 5). On the
basis of Fig. 9, nearly 72.11 % of the data lie above the

equiline, suggesting that Ca2+ and SO2�
4 are not includ-

ed in the same geochemical processes (Hounslow
1995). Actually sulfates are mostly found in a dissolved
form while Ca2+ can precipitate as calcite and/or under-
go a Ca2+/Na+ base exchange between clayminerals and
water (Desbarats 2009). Good positive correlation coef-
ficient between SO2�

4 and major ions also shows that the
dissolution of sulfate minerals is responsible for the

excess SO2�
4 .

(Ca2+ + Mg2+)/HCO�
3 molar ratio is usually used to

determine sources of Ca2+ and Mg2+ in groundwater.
The aforementioned ratio would be about 0.5 if Mg2+

and Ca2+ only arise from carbonate dissolution (Sami

1992). Ca2+ +Mg2+ decrease by cation exchange and/or
HCO�

3 enrichment results in low (Ca2+ + Mg2+)/HCO�
3

ratio (<0.5). Nevertheless, high ratios cannot be related
to HCO�

3 decrease because HCO�
3 does not form car-

bonic acid (H2CO3) under existing alkaline conditions
(Spears 1986). 93.68 % of the data fall above the 0.5:1
line, reflecting an additional source for Ca2+ and Mg2+

(Fig. 10). High (Ca2+ + Mg2+)/HCO�
3 molar ratios sig-

nify that an excess of alkalinity would be balanced by
the alkalis such as Na+ and K+. Besides, Ca2+ and Mg2+

would be adsorbed on the adsorption sites of clay min-
erals under ion-exchange processes, suggesting that
Ca2+ and Mg2+ decrease and Na+ and K+ increase in
the groundwater.

In order to determine mineralization processes in

groundwater, (Ca2+ + Mg2+) vs. ðHCO�
3 + SO2�

4 Þ scat-
ter diagram (Fig. 11) is also constructed (Kumar et al.
2009). The ratio equal to 1 is attributed to weathering of
carbonate and sulfate minerals. The data that fall above
the 1:1 line are affected from the reverse ion-exchange
processes in the groundwater, and those that lie below
the equiline are influenced by carbonate and sulfate
dissolution. However, few points lie above the equiline
and signify the effects of reverse cation exchange and
the silicate mineral weathering, most of the samples
(91.05 %) fall below the equiline, showing the contri-
bution of carbonate and sulfate mineral dissolution and
cation-exchange process.

Fig. 8 Scatter plot of Na+ vs. Cl−

Fig. 9 Scatter plot of SO2�
4 vs. Ca2+

Fig. 10 Scatter plot of Ca2+ + Mg2+ vs. HCO�
3

Fig. 11 Scatter plot of Ca2+ + Mg2+ vs. HCO�
3 + SO2�

4
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High Na+ content in the groundwater is probably an
index of ion-exchange process (Subba Rao 2007). The
ion exchange between the groundwater and its host
environment during residence and/or movement process
can be best understood by Schoeller chlorine alkaline
indices (Cai et al. 2011) expressed as CAI1=Cl−-Na++

K + / C l − a n d CAI2 ¼ Cl� � Naþ þ Kþ=HCO�
3 þ

SO2�
4 þ CO2�

3 (Schoeller 1967). Majority of the
groundwater samples showed negative CAI, indicating
base-exchange reaction. Hence, normal ion-exchange

process is considered a potential factor for high content
of alkaline element (Na+ ) and thus decreasing Ca2+ and
Mg2+ in the groundwater.

Factor analysis

The variables for FAwere as follows: Ca2+, Mg2+, Na+,

K+, HCO�
3 , Cl

−, SO2�
4 , CO2�

3 , pH, TH, TDS and EC.
Table 6 indicates that the first three principal compo-
nents (the solutions using the eigenvalues in three com-
ponents) together account for 79.57 % of the total var-
iance in the dataset.

Ca2+, Mg2+, Na+, K+, Cl−, SO2�
4 , TH, TDS and EC

have high positive loadings on component 1 and
explain 54.74 % of the total variance. PC 1 may be
related to common sources of natural processes in-
cluding weathering and dissolution of rock compo-
nents. As well as presence of EC and TDS with the
major ions reveals that the groundwater salinization
could be influenced through ionic concentrations in-
crease due to the interactions between the groundwa-

ter and the geological Formations. CO2�
3 and pH are

two major constituents in component 2 and explain

15.50 % of the total variance. CO2�
3 and pH with

negative factor loadings in PC 1 reflect that they
could not be considered as mainly controlling factors
of the major ions contents in most of the groundwater

samples. CO2�
3 and pH indicate a significance rela-

tionship in PC 2, thereby more alkaline groundwater

pH is accompanied higher CO2�
3 content. According

to Table 5, CO2�
3 and pH indicate strong correlation

coefficient (p value = 0.822) which is in agreement
with the results of PCA. Component 3 that is consti-

tuted by HCO�
3 describes 9.33 % of the total variance

and probably reflects dissolution of carbonate min-
erals and evolution of bicarbonates (Table 6). The
relationship between factor loadings on the ground-
water variables are shown in Fig. 12.

Processes controlling groundwater chemistry

Generally, water-rock interaction is the most important
factor influencing observed geochemical composition
of groundwater (Appelo and Willemsen 1987). Recent
research indicates that rock weathering and dissolution
of host rock minerals along with ion exchange are
generally the main processes providing ions in

Table 6 Rotated matrix with three components and characteristic
parameters

Parameter Component

1 2 3

Na+ 0.90 0.03 0.30

K+ 0.67 −0.01 −0.03
Mg2+ 0.84 −0.03 0.12

Ca2+ 0.72 −0.42 −0.32

SO2�
4

0.78 −0.13 −0.21
Cl- 0.88 −0.07 0.20

HCO�
3 0.11 −0.21 0.86

CO2�
3

−0.06 0.86 −0.08
pH −0.09 0.88 −0.14
TH 0.90 −0.29 −0.15
TDS 0.97 −0.12 0.17

EC 0.97 −0.10 0.15

%Variance 54.74 15.50 9.33

%Cumulative 54.74 70.24 79.57

Extraction method: principal component analysis. Rotation meth-
od: Varimax with Kaiser normalization. Rotation converged in five
iterations

Fig. 12 3D plot of factor analysis
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groundwater (Liu et al. 2014). Gibbs diagrams (Gibbs
1970) were used to gain better insight into
hydrochemical processes such as precipitation, rock
weathering and evaporation in the groundwater of
Torbat-Zaveh aquifers (Fig. 13). Gibbs diagrams were
constructed by plotting ratios of dominant cations (Na+/
Na++Ca2+) and anions (Cl−/Cl−+HCO�

3 ) vs. TDS.
Figure 13 displays that about 60 % of the groundwa-

ter samples fall in the rock-weathering zone. This ob-
servation suggests that groundwater chemistry in
Torbat-Zaveh plain is mostly controlled by chemical
weathering of rock-forming minerals and dissolution
of carbonates. It is clear that majority of the groundwater
samples reveal an interaction between rock and the

percolating water into the subsurface through mineral
weathering and dissolution. It seems that rock-
weathering and evaporation are two main processes
controlling the groundwater chemistry in the study area.
Semi-arid climate of the study area leads to higher rate
of evapotranspiration. Hence, contribution of evapora-
tion as an effective indicator of concentration for further
enrichment of dissolved ions in the groundwater must
also be considered.

Na+/Cl− ratio vs. EC has mostly been used to identify
the mechanisms attributed to salinity and saline intru-
sion in semi-arid regions. If evaporation is the dominant
process, Na+/Cl− ratio should remain constant with in-
creasing EC (Jankowski and Acworth 1997).
Evaporation considerably increases ions concentration
formed by chemical weathering, causing higher salinity
(Subba Rao 2006). Figure 14 shows that most of the
samples fall above the equiline. It means that rock–
water interactions including weathering of Na-bearing
minerals in the spilitic rocks mostly influence water
chemistry by increasing Na+, Cl− and thus TDS.

Saturation index (dissolution and deposition)

Mineral equilibrium calculations for groundwater are use-
ful in predicting presence of reactive minerals in ground-
water system and estimating mineral reactivity. SI is one
of vital geochemical parameters in hydrogeology and
geochemistry, which is usually helpful for identifying

Fig. 13 Mechanisms controlling the groundwater chemistry (Gibbs diagrams)

Fig. 14 Relationship between Na+/Cl− and EC in Torbat-Zaveh
Catchment area
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existence of some common minerals in groundwater sys-
tem (Deutsch 1997). On the basis of SI value, saturation
states are determined as saturated (equilibrium;
−1 < SI < 0), unsaturated (dissolution; SI < −1) and
oversaturated (precipitation; SI > 0).

SI values for calcite, dolomite and aragonite range
from −0.97 to 1.50, −1.42 to 3.25 and −1.11 to 1.36,
respectively. According to average SI values, most of
the groundwater samples are oversaturated with respect
to carbonate minerals (calcite, dolomite and aragonite),
whereas evaporites (gypsum, anhydrite and halite) dis-
play unsaturation state in most of the samples. Figure 15
illustrates that the samples are nearly saturated to
oversaturated with respect to carbonate minerals

(calcite, dolomite and aragonite), indicating that precip-
itation occurs, especially for dolomite. Therefore, influ-
ences of carbonate minerals are significant on the
groundwater chemistry. SI values for gypsum and anhy-
drite range from −3.05 to 0.31 and −3.27 to 1.50,
respectively, whereas SI values for halite vary between
−8.46 and −4.43, with an average value of −6.35. Halite
indicates the most unsaturation state between the con-
sidered minerals. Nearly all samples are unsaturated
with respect to halite, while gypsum and anhydrite are
unsaturated in most of the samples. This observation
reveals that the groundwater chemistry in the study area
is notably not affected by sulfate minerals and halite
(i.e., evaporites).

Fig. 15 Saturation indices plot
with respect to halite, carbonate
and sulfate minerals against TDS

Fig. 16 Wilcox diagram showing
the groundwater suitability for
irrigation in the study area
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Irrigational quality of groundwater

Groundwater suitability for irrigation is significant
due to effects of water-dissolved ions on plants
and soil. Immoderate content of dissolved ions in
irrigation water can affect physical (lowering the
osmotic pressure in the plant structural cells that
prevents water from reaching the branches and
leaves) and chemical (disrupting plant metabolism)
characteristics of plants, as well as leads to reduce
plant productivity and change structure, permeabil-
ity and aeration of soil. The long-term effects of
irrigation water on crop productivity also depend
on the initial physical properties of soil. Irrigation
suitability of the groundwater was evaluated by
EC, SAR, RSC, TH, PI, and USSL and Wilcox
diagrams.

EC (salinity hazard) and sodium concentration
(sodicity or alkalinity hazard) are usually considered
significant in classifying irrigation water (Kelley
1951). High sodium content in groundwater leads to

alkaline soil, whereas high EC results in formation of
saline soil (Nagarajan et al. 2010). According to Wilcox
(1955) classification based on EC, 50.53 and 32.11 % of
the samples indicate permissible and good quality, re-
spectively, while 9.47 and 7.89 % of the samples lie in
doubtful and unsuitable quality classes, respectively.

Irrigation water containing high sodium propor-
tion will increase Na+ exchange of the soil, affecting
the soil permeability. Hence, the texture makes the
soil hard to plow and unsuitable for seedling emer-
gence (Trivedy and Goel 1984). To assess the
groundwater quality for irrigation purposes, Wilcox
diagram which plots Na% of the groundwater with
salinity, was also used. Na% of the groundwater
samples was calculated using Eq. c in Table 2.
According to Wilcox (1955), the groundwater sam-
ples belong to permissible to doubtful (40.00 %),
excellent to good (26.84 %), good to permissible
(14.74 %), doubtful to unsuitable (10.53 %) and
unsuitable (7.89 %) categories (Fig. 16).

SAR is a measure of alkali/sodium hazard to crops
and thus a significant parameter in determining
groundwater suitability for irrigation. SAR was
calculated using Eq. d in Table 2. According to
Richards (1954) classification based on SAR, 86.32,
12.63 and 1.05 % of the samples fall in excellent, good
and doubtful classes, respectively. The USSL diagram
(Richards 1954) is widely used to classify irrigation
waters and assess their suitability for irrigation on spe-
cific soils, where SAR is plotted against EC (Fig. 17). It
was found that most of the samples (32.63 %) fall in
C2S1 and C2S2 fields, showing the medium-level sa-
linity and low to medium alkalinity, which are suitable
for irrigation of most crops and soils with little danger of
exchangeable sodium (Fig. 17). Medium salinity waters
may be used for irrigation on coarse textured soils with
good permeability. 22.63 % of the samples lie in the
field of C3S1, indicating high salinity and low alkalinity
of water, which can almost be used for irrigation in all
types of soils with little danger of exchangeable sodium.
One sample falls in C4S1 field, indicating very high
salinity and low alkalinity hazard, as well as unaccept-
able suitability of the groundwater for irrigation, espe-
cially in soils with restricted drainages though the
groundwater might be suitable for plants having good
salt tolerance (Karanth 1989; Mohan et al. 2000).
27.36 % of the data fall in C3S2 and C4S2 fields,
indicating high salinity and medium sodicity of the
water. This type of irrigation water cannot be used on

Fig. 17 USSL diagram for irrigation water classification
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fine-grained soils where drainage is restricted due to
accumulation of salts in the root zones of crops, leading
to salinity and soil clogging crisis. 16.85 % of the
samples fall in C3S3, C4S3, C5S3 and C4S4 fields
which are not suitable for irrigation.

The excess of the sum of carbonate and bicarbon-
ate over the sum of calcium and magnesium in
groundwater also influences groundwater unsuitabil-
ity for irrigation. High bicarbonate concentration in
water leads to precipitate calcium and magnesium as
carbonate minerals. Furthermore, excess of carbonate
and bicarbonate in presence of sodium leads to form
sodium carbonate. Therefore, RSC was computed to
determine hazardous effect of carbonate and bicar-
bonate on irrigational water quality (Eq. e in Table 2).
RSC values vary between −38.20 and 5.40, with an
average value of −1.05. Calculated RSC values indi-
cate that most of the samples (76.32 %) fall in good
class, 17.37 % in doubtful class, and the rest belong
to unsuitable class (Table 7).

Permeability index

The long-term use of irrigated water influences soil
permeability, TDS, sodium bicarbonate and the soil type
(Mahendra and Patode 2012). PI is usually used to
determine the impact of irrigation water on soil hydrau-
lic characteristics. PI was calculated using Eq. f (Table
2). The PI values range between 6.02 and 13.15 %, with
an average value of 9.66 %. According to Doneen
(1966) classification, 62.62 % of the samples are accept-
able for irrigation, whereas 37.38 % are unsuitable for
irrigation (Table 7).

Conclusion

Evaluation of groundwater in Torbat-Zaveh plain for
drinking and irrigation purposes revealed that complex
geology of the study area is probably the main source of
variation in the groundwater quality. Hydrochemical

Table 7 Classification of the groundwater based upon physicochemical parameters

Parameters Range Water class Percent (%)

SAR (Richards 1954) <10 Excellent (S1) 86.32

10–18 Good (S2) 12.63

18–26 Doubtful (S3) 1.05

>26 Unsuitable (S4) 0.00

RSC (Richards 1954) <1.25 Good 76.32

1.25–2.5 Doubtful 17.37

>2.5 Unsuitable 6.32

TDS (USGS 2000) <1000 Fresh 65.26

1000–3000 Slightly saline 32.11

3000–10,000 Moderately saline 2.63

10,000–35,000 High saline 0.00

TH (Sawyer et al. 2003) <75 Soft 2.63

75–150 Moderately hard 20.53

150–300 Hard 49.47

>300 Very hard 27.37

EC (Wilcox 1955) <250 Excellent 0.00

250–750 Good 32.11

750–2000 Permissible 50.53

2000–3000 Doubtful 9.47

>3000 Unsuitable 7.89

PI (Doneen 1966) ≤25 % May not be used for irrigation 0.00

25–75 % Unsuitable for irrigation 37.38

≥75 % Acceptable for irrigation 62.62
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analyses display that almost all groundwater samples
are fresh to slightly saline and moderately hard to very
hard in nature. According to Piper diagram NaCl,
CaHCO3 and mixed CaNaHCO3 are the pre-dominant
hydrogeochemical facies in the plain, respectively.

Average concentration of major cations and anions is

in the order of Naþ > Ca2þ > Mg2þ > Kþ, and
HCO�

3 > Cl� > SO2�
4 > CO2�

3 , r e spec t ive ly.
Integrated drinking water suitability index shows that
groundwater loses its quality for drinking toward the
southern parts of the area. PCA and Gibb diagrams
demonstrated that groundwater chemistry in Torbat-
Zaveh plain is probably controlled by chemical
weathering of rock-forming minerals and dissolution
of carbonates. On the basis of SI values, most of the
groundwater samples are oversaturated with respect to
calcite, dolomite and aragonite, whereas gypsum, an-
hydrite and halite display unsaturation state in most of
the samples. USSL and Wilcox diagrams, SAR, RSC,
salinity hazard and PI indicate that most of the ground-
water samples are acceptable for irrigation. However,
groundwater is suitable for drinking and irrigation pur-
poses in most parts of the study area, it is recommended
to review the present plans on utilization of groundwa-
ter resources to improve groundwater quality, especially
in the south of Torbat-Zaveh plain.
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