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Abstract Hydrogeochemistry of groundwater was investigated to understand groundwater
quality for drinking and irrigation purposes in an unconfined aquifer located in Jangal plain,
NE Iran. Groundwater samples were collected and analyzed for determining physicochemical
parameters (TDS, EC and pH) and concentration of major ions (Na*, K*, Ca®*, Mg”*, CI',
HCO; ", SO3 ~ and CO3"). Water quality assessment parameters including SAR, Na%, RSC,
TH and SI were also calculated. TDS, EC, Na*, K*, CI” and SO?[ levels in all samples were
greater than the maximum permissible limit, while pH, Ca®*, Mg”* and HCO3 levels in most
samples were within the standard range. Based on the Piper diagram, most groundwater
samples were classified into Na-Cl as dominant water type. The saline water intrusion,
evapotranspiration, ion exchange reactions and dissolution of carbonate minerals were found
as the main processes controlling the chemistry of groundwater. According to the calculated
parameters and the Wilcox and USSL diagrams, high salinity and alkalinity of the groundwater
resources pose a major problem for irrigation use. It is obvious that the groundwater unsuit-
ability threatens sustainable crop production and soil quality. Hence, urgent management of
groundwater resources is suggested to avoid harmful effects on inhabitants.

Keywords Hydrogeochemistry - Drinking and irrigation groundwater quality - Processes
controlling chemistry of groundwater - Groundwater suitability - Jangal plain

< Mohammad Javad Nematollahi
mjnematollahi.shirazu @gmail.com

' Department of Geology, Iranian Central Oil Fields Company (ICOFC), No. 22, Esfandiar Street,
Niayesh Junction, Vali-Asr Avenue, P.O. Box 1968656171 Tehran, Iran

Supervision on Petroleum Export and Domestic Transactions (SPEDT), Ministry of Petroleum, Kharg
Island, Iran

Department of Geology, Faculty of Sciences, University of Zanjan, Zanjan, Iran

@ Springer


http://orcid.org/0000-0003-1486-0127
http://crossmark.crossref.org/dialog/?doi=10.1007/s40710-016-0192-9&domain=pdf

1022 M.J. Nematollahi et al.

1 Introduction

Groundwater is the most important source of water for drinking, agricultural and industrial
purposes in arid and semiarid regions with shortage of surface water (Wang et al. 2016). Chemical
composition and hydrochemistry of groundwater is influenced by natural factors such as geological
structures, residence time, weathering of lithological units, soil/rock-water interactions and evapo-
transpiration within watersheds and aquifers (Tirumalesh et al. 2010; Zhu and Schwartz 2011;
Rajesh et al. 2015; Nematollahi et al. 2016). In addition, the continuous increase of population and
agricultural and industrial activities, and the consequent lowering of the groundwater table due to
over-pumping to meet the increasing water demands, followed by the declining annual natural
recharge, have brought groundwater resources under severe constrains worldwide (Fetter 1994;
Appelo and Postma 2005; Singh et al. 2014). Since frequency and magnitude of the natural and
anthropogenic factors in an area differ in time and space, their influences are reflected in the
groundwater hydrochemistry, exhibiting wide spatial and temporal fluctuations (Singh et al. 2007).

Planning and management of groundwater resources guarantee sustainable water supply
which is often obtained by identifying water chemistry and quality. Since daily, seasonal and
climatic factors affect quality and chemistry of groundwater (Ackah et al. 2011), constant
monitoring of water quality is significant to prevent the harmful effects of unsuitable water on
humans and the biota. Moreover, irrigation water quality directly influences soil physical and
chemical properties (Simsek and Gunduz 2007). Comprehending hydrogeological conditions
and hydrochemical processes in aquifers is complicated. Nevertheless, using the raised percep-
tion of geochemical evolution of groundwater along with approaches based on geographic
information systems (GIS), effective management of water resources could be possible (Elci and
Polat 2010; Hamzaoui-Azaza et al. 2011; Sheikhy Narany et al. 2014; Nematollahi et al. 2016).

Increasing agricultural activity, insignificant surface water resources, low annual precipita-
tion, high evaporation and ineffective management of groundwater resources have restricted
safe water supply. Preliminarily, Velayati (2000) investigated groundwater hydrochemistry in
Jangal plain and concluded that water quality has been degraded by saline water intrusion. In
this research, as the major objective, monitoring of groundwater salinity in order to evaluate
aquifer vulnerability and identify groundwater suitability for drinking and irrigation purposes
under the most severe condition was carried out.

2 Study Area
2.1 General Properties of the Area

The study was undertaken in Jangal plain, which is situated in the south of Roshtkhar (90 % of
the total area) and north of Gonabad, Khorasan Razavi province, NE Iran (Fig. 1a, b, ¢) and lies
between east latitudes 34°24'-35°01" and north longitudes 58°48'-59°33’ (Fig. 1d). Average
altitude of the plain is 924 m with respect to average sea level and its total surface area is
2338 km?. Jangal plain is bounded by Roshtkhar and Torbat Heydarieh to the north, Khaf'to the
east, Gonabad to the south, and Mahvelat to the west. With nearly 6500 inhabitants, the study
area indicates fairly good population density of 1 person per hectare of croplands. Due to
unsuitable groundwater quality, alternative drinking water resource is provided although the
groundwater is the main source of irrigation water. The study area experiences arid to semi-arid
climate, with the annual temperature ranging from —14 °C in the winter to 49 °C in the summer.
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Fig. 1 a Position of Khorasan Razavi province in Iran, b Position of Roshtkhar and Gonabad (right and left
sides, respectively) in Khorasan Razavi province, ¢ Location of Jangal plain, and d Geographic coordinates of
Jangal plain

2.2 Geologic Setting

The study area is structurally and tectonically a part of the dynamic Alpine-Himalayan system,
with several major and minor faults influencing the area. According to the tectonosedimentary
classification of Iran, Jangal plain belongs to the Central Iran zone (Stocklin 1974). The main
lithological outcrops in the area are marls, shales, sandstones, conglomerates, swamps and
marsh deposits, with a high level piedmont fan and valley terrace deposits in the north, clay
flats and unconsolidated windblown sand deposits in the west and south, along with low level
piedmont fan and valley terrace deposits in the east and northwest of the study area (Fig. 2).
Meanwhile, chemical composition of groundwater might be affected by surface water infiltra-
tion containing dissolved ions derived from geological units such as ophiolites (colored
mélange complex, dunites, harzburgites and serpentinites), conglomerates, sandstones,
gypsiferous marls, gypsums, igneous rocks (andesites, diorites and tuffs), alluvial deposits,
shales and limestones in the north and outskirt of the study area (Fig. 2).

2.3 Hydrogeology
The study area is hydrologically situated in Jangal catchment area. Average annual rainfall in a
30-year period is 158 mm with an average volume of 369.4 million m’. Rainfall does not occur

in the summer while February and March experience most rainfall. The quality of groundwater
is influenced by Bajestan playa in the west and southwest (Velayati 2000). The minimum and
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Qm: Swamp and marsh

- Qul: High level picdmont fan and vally terrace deposits

12: Low level piedment fan and vally terrace deposits

[ Pims: Mar), shale, sandstone and conglomerate

rig: Red marl, gypsiferous marl, sandstone and conglomerate (Upper red FM)

Lr: Red and green silty, gypsiferous marl, sandstone and gypsum (Lower Red FM)
B8 Eviv: Andesitic volcanics

[ Etbav: Riyolitic to thyodacitic i, andesitic uff, Tuffaccous shale and il

B K11: Thick bedded to massive, white to pinkish orbitolina bearing limestone (Tizkuh FM)
Jiav: Granite including Shir Kuh Granite and Shah Kuh Granite

Jbg: Pale - green silty shale and sandstone (Baghamshah FM)

: Contact metamorphic rocks (skam)

“Tr3: Shale interbedded with thin sandstone beds (Howse-c Sheikh Member)

B2 Cmig: Tectonic melange - association of ophiolitic components, pelagic limestone, radiolarian chert
and shale with or without Eocene sedimentary rocks (Coloured Melange complex)

EE=5 Tm: Sandstone, quartz arenite, shale and fossiliferous limestone (Naiband FM)
Cs: Light olive green shale with i ions of te and fossili limestone (Sardar FM)
s: Black and grey dolomite (Sibzar Dolomite)

b: Grey and black, partly nodular limestone with intercalations of calcarcous shale (Bahram FM)

Fig. 2 Lithological map of Jangal plain and peripheral regions

maximum discharge values of the aquifer are 4.2 and 93.5 L/s, respectively, with an average
value of 49.0 L/s. The insignificant surface water resources in the area drive from the low
precipitation and high evaporation. The groundwater recharge resources include saline water
inflow, irrigation return flow, precipitation, and floodwater and surface water from Kalsalar
and Shastdarreh rivers. Aquifer exploitation via 233 wells which mostly have a depth of more
than 100 m is also the sole discharge resource. Recently, the severe decrease of precipitation
and the overexploitation due to rapid development of agriculture have led to quantitatively
critical circumstances in the aquifer. Furthermore, because of recently established Shahid
Yaghoubi dam, located in Kalsalar river upstream, floodwater infiltration and consequently
aquifer recharge have been restricted. Hence, the groundwater budget which is the sum of
inputs (129.6 million m®) minus the sum of outputs (204.5 million m®) is equal to —74.9
million m® reflecting water table decline. The piezometric map and decline curves of the water
table in a 6-year time span (based on 32 piezometric wells) show that the major groundwater
flow direction is toward the east of the alluvial plain where an intense decline of the water table
is observed (Fig. 3a, b).

Legend
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Fig. 3 a Piezometric map showing the groundwater flow direction, and b Decline curves of water table in the
study area
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Fig. 4 a Digital elevation model (DEM) indicating direction of surface water flow, and b Position of sampling
wells

3 Materials and Methods
3.1 Sampling and Analyses

To monitor aquifer vulnerability and groundwater suitability under the most critical conditions,
a sampling campaign was conducted during the summer. Thirty two representative ground-
water samples from piezometric wells (Fig. 4a, b) were collected in dry and clean polyethylene
bottles prewashed with HNOj; (analytical grade, Merck) and rinsed 3 times before collecting
the samples. The samples were then sealed and stored at 4 °C in the Torbat Heydarieh regional
water organization laboratory until analysis. After sampling, portable instruments were imme-
diately used for in-situ measurement of the electrical conductivity (EC) and pH. The samples
then were analyzed for determining concentration of Na*, K*, Ca®*, Mg**, CI', HCO53,
SO4* and CO5>~ following the standard water quality methods (Table 1). The quality
assurance and quality control (QA/QC) of the analytical data were checked using certified
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Table 1 Methods used for analyz-
ing the cations and anions (concen- Parameter Method
trations in mg/L)

Sodium Flame photometry
Potassium Flame photometry
Calcium Flame photometry
Magnesium Flame photometry
Chloride AgNO; titration
Bicarbonate Titrimetry

Sulfate Spectrophotometry
Carbonate Titrimetry

procedures, strict examination of standards and reagent blanks, along with replicate analyses.
Calculated recovery percent for the analyzed chemical concentrations of standard reference
materials was within +10 %. Using AquaChem software, the data were plotted on the Piper
(1944) and Durov (1948) diagrams to understand the chemical characteristics of the ground-
water. Total dissolved solids (TDS) were determined using pre-filtered samples evaporated to
dryness. The total hardness (TH), sodium percentage (Na %), sodium adsorption ratio (SAR)
and residual sodium carbonate (RSC) were calculated by the formulae presented in Table 2.
Mineral saturation indices also were computed using PHREEQC computer software version 2
via Eq. (5) in Table 2; where SI is the saturation index, IAP is ion activity product of a
particular solid phase, and Ksp is the solubility product of that phase at a given temperature
(i.e., the thermodynamic equilibrium constant adjusted to the temperature of the given sample).
To reveal relationships between the parameters, correlation coefficients were also determined
using IBM SPSS 20.

3.2 Spatial Analysis Based on GIS

GIS was used to ease the overall assessment by analyzing and representing spatial data
(Collins et al. 1995). Hydrogeochemical data can be visualized by GIS and provide a reliable
mean of monitoring environmental conditions and recognizing hot-spot areas. In the present
study, the geographic position of the study area and the sampling wells, the lithological map,
the piezometric map, the spatial distribution of the physicochemical parameters and the
concentration of the major ions, and the contour map of water table decline were produced
using ArcGIS software version 10.1.

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

Equation Parameter Reference
1 TH=2.497 Ca®* + 4.115 Mg** Todd (1980)
- Nat+K*+ 1
2 Na %= ot K X 100 Wilcox (1955)
3 SAR=__MNa' Richards (1954)
4 RSC=(HCO; + CO% ") — (Ca** + Mg*™) Eaton (1950)
SI=1Io (ﬂ) Parkhurst and Appelo (1999)
= log Ksp
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4 Results and Discussion
4.1 Groundwater Chemistry

Suitability of groundwater for domestic, industrial, and agricultural purposes depends on its
chemical composition. Table 3 indicates descriptive statistics of the major cations and anions,
and the physicochemical characteristics. Shapiro-Wilk test was used to check normality of the
data. The results show that only HCO3 and SO,* are somewhat normally distributed.

Average pH is 8.1 which reveals that the groundwater is slightly alkaline (Table 3). Since
pH varies from 7.3 to 8.6, it is clear that almost all pH values are in the optimum pH limit (6.5
to 8.5) recommended by WHO (2004) for potable water (Fig. 5a).

The value of TDS which is a measure of the degree of quality, ranges from 2608.0 to
8650.0 mg/L, with an average value of 4666.3 mg/L (Table 3). Elevated TDS values influence
groundwater suitability for drinking and agricultural use (Fetter 2001). Based on WHO
drinking water quality guidelines (2004), 600 and 1000 mg/L are the most desirable and
acceptable limits for TDS, respectively. Table 3 reveals that the minimum TDS value in the
sampling wells is more than the maximum acceptable limit.

The groundwater EC values vary between 4140.0 and 13730.0 puS/cm, with an average
value of 7406.9 puS/cm (Table 3). According to WHO (2004), 1500 pS/cm is the allowable EC
threshold in drinking water. Thus, similar to TDS, EC values of the samples exceed the
drinking water permissible limit (Fig. 5b, c).

The TH values of the samples were calculated using Eq. (1) in Table 2. The calculated TH
values range from 370.0 to 2520.0 mg/L, with an average value of 1004.2 mg/L (Table 3).
Regarding TH values, only 9.38 % of the samples fell below the WHO maximum allowable
limit (500 mg/L) and the rest had higher values of TH (Fig. 5d). According to the hardness
classification of Sawyer et al. (2003), the groundwater samples are very hard (Table 6). Due to
the unpleasant taste, there is mainly an aesthetic concern about hard water. It also prevents soap

Table 3 Descriptive statistics of the major ions and physicochemical parameters in Jangal plain

Parameter Min. Max. Ave. Significant level Guideline value®
pH 7.3 8.6 8.1 0.00 6.5-8.5
EC (us/cm) 4140.0 13,730.0 7406.9 0.01 1500
TDS (mg/L) 2608.0 8650.0 4666.3 0.01 600-1000
TH (mg/L) 370.0 2520.0 1004.2 0.00 100-500
Na* (mg/L) 781.7 1922.0 1186.3 0.02 200

K" (mg/L) 15.6 477.0 128.8 0.00 12

Ca’* (mg/L) 30.1 424.8 142.7 0.00 100-300
Mg?* (mg/L) 71.7 430.2 157.5 0.00 50-150
Cl" (mg/L) 7622 3900.0 1787.6 0.00 250
HCO; (mg/L) 1159 408.8 211.8 0.06 240

SO (mg/L) 600.4 1585.0 10123 0.05 250
CO3%™ (mg/L) <DL" 30.0 8.8 0.00 -

n=32

*WHO (2004)

® Detection limit
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Legend
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Legend
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@ 500-1,000  46.87 % of samples
@ 1.000- 1,500 31.25 % of samples

@ 15002000 3.02% of samples

Legend

EC (ps/em)
© 4000-6000  31.25 % of sampleNN_
@ 6000-8000  37.50%of samples
@ 5.000- 10,000 15.62 % of samples
. 10,000 - 12,000  6.25 % of samples

.> 2,000 9.38 % of samples

f

. 12,000 14,000 8.38 % of samples

Legend

K (mg/L)

© <100 56.25%of samples
@ 100-200 21.87 % of samples
@ 200-300 12.50 % of samples

@ 300400 6.25 % ofsamples

. >400  3.13% of samples

Legend
Na (mglL)
© 750-1000  34.37% of samples
@ 1.000-1250 31.25 % of samples
@ 1250-1,500 12.50 % of samples

@ 1:500- 1,750 15.63% of samples

. 1,750-2,000  6.25 % of samples

Fig. 5 Spatial distribution of the physicochemical parameters and major ions in Jangal aquifer: a pH, b TDS, ¢
EC, d TH, e sodium, f potassium, g calcium, h magnesium, i chloride, j bicarbonate, k sulfate, and 1 carbonate

to produce lather, increases water boiling point and may cause precipitation of calcium
carbonate in distribution pipes, in water heaters and on plumbing fixtures.

On the average, contents of the major cations and anions are in the order of Na*>Mg”*>
Ca’*>K", and CI_> SO~ >HCO; > CO3 ", respectively (Fig. 6). Average concentrations of
Na" and K* in the groundwater samples were 1186.3 and 128.8 mg/L, respectively, which exceed
the corresponding desirable limits (Table 3 and Fig. Se, f). Calcium and magnesium concentra-
tions ranged from 30.1 to 424.8 and 71.7 to 430.2 mg/L, respectively (Table 3). Taste thresholds of
Ca”* and Mg”*, which depend on associated anions, range from 100 to 300 and 50 to 150 mg/L,
respectively (WHO 2004). Ca** concentration in 59.38 % of the samples was in the range of
WHO standard, whereas 50.00 % of the samples were in Mg>* permissible limit (Fig. 5g, h). It
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Legend
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Fig. 5 (continued)

can be interpreted that in the presence of clay minerals and Fe-Mn oxy-hydroxides and under ion
exchange processes, Ca’* and Mg”* substitute Na* and K* on cation adsorption sites of the
adsorbents, leading to Ca®* and Mg?* decrease and Na* and K* increase in groundwater.

The contents of chloride in the samples varied between 762.2 and 3900.0 mg/L, with an
average value of 1787.6 mg/L (Table 3). Chloride contents of the samples were higher than the
WHO permissible limit (Fig. 51). The elevated water chloride content (above 250 mg/L) affects
the taste (WHO 2004). It can also develop hypertension and increase the risk for osteoporosis,
renal stones and asthma (Maiti 1982).

The average groundwater bicarbonate concentration was 211.8 mg/L (Table 3). Since no
health disorder is attributed to the elevated HCO5 values, the anion is not a health concern but
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Fig. 6 Box plots showing distribution of the major ions and physicochemical parameters

should not exceed 240 mg/L in drinking water (WHO 2004). HCO3 concentration in 31.25 %
of the samples was higher than the permissible limit of WHO, suggesting dissolution of
abundant carbonates in the study area (Fig. 5j).

Values of sulfates ranged from 600.4 to 1585.0 mg/L, having a mean value of 1012.3 mg/L
(Table 3). The minimum sulfate concentration was two times greater than 250 mg/L (Table 3
and Fig. 5k). Sulfate concentrations above 250 mg/L in drinking water may cause unpleasant
taste and corrosion of distribution pipes, while concentrations higher than 500 mg/L may cause
risk to human health such as gastrointestinal disorders (WHO 2004).

4.2 Hydrochemical Facies

The Piper diagram demonstrated that Na — Cl water type is the main hydrochemical facies in
Jangal plain (Fig. 7). Based on the diagram, it is obvious that the alkaline elements (Na* and
K*) significantly dominated the alkaline earth elements (Ca>* and Mg”*), as well as the strong
acids (CI” and SO2 ") exceeded the weak acids (HCOj; and CO? ).

The Durov diagram (Fig. 8) also reflects simultaneous occurrence of hydrogeochemical
processes including dissolution and ion exchange. The alkaline elements abundance could be a
result of dissolution of halite and silvite along with ion-exchange processes within the aquifer
matrix. Na— CI water type may also propose the mixture of existing water with high-salinity
water taken from intrusion of Bajestan playa saltwater and surface contamination sources
including irrigation return flow, septic tank effluents, and domestic wastewater. According to
the Piper and Durov diagrams (Figs. 7 and 8, respectively), Na” and Cl” are the main ions
controlling the groundwater chemistry, and thus, the dominant water type.

4.3 Compositional Relations of Dissolved Species
For determining the degree of variables dependency and also measuring the relationship

between dependent and independent variables, the coefficient of correlation was used. In this
study, spearman rank correlation was used to measure correlation between variables due to
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Fig. 7 Piper diagram of the
groundwater hydrochemical data
in Jangal catchment area

non-parametric distribution of variables in the groundwater samples. Table 4 presents the
correlation coefficients of water quality characteristics. EC and TDS show maximum correla-
tion coefficient (0.990; p < 0.01), confirming the efficacy of the field measurements.
According to high TDS, EC, Ca>*, Mg”*, Na*, K*, CI” and SO3~ values in the west and
south of the aquifer and direction of the groundwater flow (Figs. 3a and 5), intrusion of
Bajestan playa saline water from the west and southwest borders into the aquifer could be the
most important factor controlling content of the aforementioned ions and parameters. Good
positive correlation coefficients between TDS, EC, Ca®*, Mg”*, Na*, K*, Cl” and SO}~ also
reveal that the ions contribute to the groundwater salinity, supporting the assumption of saline

100% SO,
2 N
2, 3
2/ AS
‘%, N
% S o
<
%, PR TDS (mg/L)
2
% 2 8 58 3 8 8
s 8 S (=1 8 =3 =3 =}
92 D, L . L L L |l 1 1 T 1 T
09 <L
00“\ I
. B
& 00,
20 I
IS -
8 |
_'1»0“‘0

oS X :h "-.‘: l--. . "

=X
°
T

%
X
ol
]

L

°

T

o %0

)
|

|

UL L

Fig. 8 Durov diagram representing the groundwater composition in Jangal plain
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Fig. 9 Scatter plot of Na* vs. CI” 2500
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water intrusion (Table 4). Furthermore, ion exchange processes and weathering of Na and K-
bearing minerals such as halites, sylvites and clay minerals, and also anthropogenic contam-
ination sources such as local and animal wastes, septic tank seepages and irrigation return flow
affect concentration of Na™ and K.

Since intrusion of Bajestan playa saline water in the aquifer play the main role in high
chloride concentration of the groundwater, the Na* and CI™ relationship is considered to
determine the salinity mechanisms in the study area. NaCl dissolution could occur if Na*/
CI ratio is equal to 1 (Meybeck 1987). Almost all of the groundwater samples have a Na*/ C1~
ratio below 1 (Fig. 9), which might be considered as salinization process (El Moujabber et al.
2006). Ca** also indicates good positive correlation coefficient with CI™ (p <0.01), showing
feasible calcium chloride dissolution (Table 4). In addition, according to Loizidou and
Kapetanios (1993), anthropogenic sources including human and animal wastes, septic tank
seepages and fertilizers could also influence concentration of chloride in water resources.

Sulfate-bearing minerals dissolution, e.g., gypsum and anhydrite, and weathering of sulfide
minerals have been reported as major probable sources of sulfate in groundwater (Fianko et al.
2009). Good positive correlation coefficients between SO3 ~ and the major cations reflects
possible dissolution of sulfate minerals (Table 4). The SO3 7/ Ca®* molar ratio was constructed
to evaluate calcium sulfate dissolution in the aquifer (Hounslow 1995). All water samples fell
above the equiline, suggesting that sulfate concentration is controlled by more complicated
geochemical processes (Fig. 10). Sulfates mainly occur in dissolved state, while Ca>* may
precipitate as calcite minerals and/or experience a Ca>*/ Na* base-exchange between water
and clay minerals (Desbarats 2009).

The (Ca’* + Mg2 *) / HCO;3 ratio can be used to identify sources of calcium and
magnesium ions. The ratio would be about 0.5 if Mg?* and Ca>* were solely derived from
dissolution of carbonates (Sami 1992). About 88 % of the samples were above the 0.5:1 line,
suggesting that carbonates dissolution is not the only source of Ca®* and Mg?* (Fig. 11).

Fig. 10 Scatter plot of SO~ vs. 1800
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Fig. 11 Scatter plot of Ca®* + 800
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Prasanna et al. (2010) reported that Ca>* might be derived from chemical fertilizers. Ophiolite
complex containing abundant Mg-bearing minerals and chemical fertilizers might also be the
possible excess Mg>* sources in groundwater.

The Ca®* + Mg?* vs. HCO5 + SO3 ~ molar ratio is mostly used to determine mineralization
processes in groundwater (Cerling et al. 1989; Fisher and Mullican 1997). The samples fell
below the equiline, indicating cation exchange process along with carbonate and sulfate
minerals dissolution (Fig. 12). Hence, Na* and K* balance the excess negative SOF  and
HCO;  charges.

A temporal increase in TDS value might occasionally leads to wrong interpretation of
saltwater intrusion. Hence, the Revelle coefficient (RC), determined as CI/(CO3  + HCO3), is
considered as a criterion to make sure that groundwater salinity is derived from saltwater
intrusion. The modified Revelle coefficient classification (Kallergis 2000) was also used to
investigate the degree of contamination by saltwater (Table 5).

In accordance with the calculated RC values (2.2 to 33.7), the samples reflected medium to
dangerous level of contamination (Fig. 13). The average value of RC (9.5) shows that most of
the samples are seriously contaminated. Hence, it seems necessary that the groundwater in the
polluted areas is paid special attention.

Groundwater quality to the east of the plain (Kalsalar river entrance) where the alluvial
deposits are overlied, due to floodwater infiltration, is more suitable, although clay flat which
contains clay-sized minerals covers significant sector of the study area (Fig. 2). The dominance
of fine-grained particles leads to an increase of the water residence time, resulting in salinity of
groundwater during cation exchange and simple solution processes. The majority of wells and
agricultural farms are located in the alluvial deposits. Hence, overexploitation is observed in
the alluvial deposits, resulting in water table decline. This also causes a large flow of saline
water toward the east, and consequently, low water quality.

Fig. 12 Scatter plot of Ca>* + 800 o
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Table 5 Classification of Revelle

coefficient for investigating level of Revelle coefficient (RC) Water quality

contamination due to saltwater

intrusion <1 Groundwater of good quality
1-2 Low level of contamination
2-6 Medium level of contamination
6-10 Serious level of contamination
10-150 Dangerous level of contamination
>150 Seawater

4.4 Processes Regulating Groundwater Chemistry

Groundwater quality is significantly affected by hydrochemical reactions among aquifer minerals
and groundwater, which is also helpful in comprehending the groundwater genesis (Prasanna et al.
2011). Rock weathering, evaporation and precipitation are important processes regulating chem-
istry of water. For this reason, to determine the dominant hydrochemical process, the Gibbs
diagrams (Gibbs 1970) were applied (Fig. 14). Since the samples lie in the evaporation-
crystallization zone of the Gibbs diagrams, the chemistry of groundwater is roughly governed
by evaporation process which effectively enriches the dissolved groundwater ions.

As previously mentioned, the Na*/ CI ratio is usually applied to recognize the salinity and
saline intrusion mechanisms in semi-arid regions. The dominance of evaporation leads to Na*/
CI ratio to be constant with increasing EC (Jankowski and Acworth 1997). The Na*/ CI” ratio
against EC diagram displays that the data are mostly plotted along and below the horizontal
line with increasing EC (Fig. 15). This means that the evapotranspiration, dissolution of
chlorides and anthropogenic chloride contamination are feasible factors affecting Na*/ Cl~
ratio.

4.5 Groundwater Irrigation Quality

Investigation of irrigation water suitability due to the excess dissolved ion effect on soil
physicochemical characteristics (e.g., reducing permeability) and consequently plant repro-
duction is considerable. Hence, suitability of irrigation water was investigated by salinity and
alkalinity hazard, and also Na%, SAR and RSC. The results are presented in Table 6.

Revelle coefficient (RC)

Sample

Fig. 13 Classifying values of Revelle coefficients for evaluating saltwater intrusion
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Fig. 14 Mechanisms controlling the groundwater chemistry: a TDS vs. Na/(Na+Ca), and b TDS vs. CI/
(CI+HCO3)

4.5.1 EC and TDS

EC, which also reflects groundwater TDS, is used to monitor salinity hazard to soil
and crops (Kelley 1951). Elevated values of groundwater EC cause soil salinity, while
high sodium values lead to soil alkalinity (Nagarajan et al. 2010). Classification of
Wilcox (1955) based on groundwater EC demonstrates that all samples belong to the
unsuitable class (Table 6). The osmotic activity of plant majorly decreases with high
EC content, interfering in water and nutrients absorption from the soil. Furthermore,
according to the TDS classification of the US Geological Survey (2000), most of the
samples (90.6 %) are moderately saline (Table 6).

4.5.2 Sodium Percentage
Sodicity or alkalinity is a serious hazard for soil, thereby sodium leads to damage in soil

structure, resulting in compaction and impermeability of the soil (Raju 2007). The sodium
percentage of the water samples was calculated using Eq. (2) (Table 2). In accordance with

Fig. 15 Relationship between 10
Na*/ CI” and EC in Jangal
catchment area
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Table 6 Classification of groundwater in Jangal plain based on the physicochemical parameters

Parameter Range Water class Percent (%)
EC (Wilcox 1955) <250 Excellent 0.00
250-750 Good 0.00
750-2000 Permissible 0.00
2000-3000 Doubtful 0.00
>3000 Unsuitable 100
TDS (US Geological Survey 2000) <1000 Fresh 0.00
1000-3000 Slightly saline 9.40
3000-10,000 Moderately saline 90.60
10,000-35,000 High saline 0.00
Na % (Wilcox 1955) <20 Excellent 0.00
20-40 Good 0.00
40-60 Permissible 3.13
60-80 Doubtful 81.25
>80 Unsuitable 15.62
SAR (Richards 1954) <10 Excellent (S1) 0.00
10-18 Good (S2) 62.50
18-26 Doubtful (S3) 37.50
>26 Unsuitable (S4) 0.00
TH (Sawyer et al. 2003) <75 Soft 0.00
75-150 Moderately hard 0.00
150-300 Hard 0.00
>300 Very hard 100
RSC (Richards 1954) <1.25 Good 100
1.25-2.5 Doubtful 0.00
>2.5 Unsuitable 0.00

Wilcox (1955) classification, the majority of the samples belong to the water classes of
doubtful and unsuitable, respectively (Table 6). In addition to the excess Na* concentration,
Na* relative activity in exchange reactions may result in high sodium hazard. The irrigation
water with a high sodium proportion increases the soil Na* exchange, as well as decreases
permeability of the soil. Therefore, soil ploughing and seedling emergence seems difficult.

4.5.3 Sodium Adsorption Ratio

Alkali/Sodium hazard can also be determined by realizing SAR which is an important index in
identifying suitability of irrigation water. Equation (3) in Table 2 was used to compute SAR.
Based on SAR classification (Richards 1954), 62.5 % of the samples fell in good class while
the remaining belonged to doubtful class (Table 6).

To investigate irrigation water suitability, the Wilcox (1955) diagram which is a plot of
sodium percentage vs. salinity, and also the USSL diagram (Richards 1954) which is a plot of
SAR vs. EC were also used. The Wilcox diagram exhibited that 53.12 % of the groundwater
samples fell in doubtful to unsuitable categories, whereas the rest belonged to unsuitable class
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Fig. 16 The Wilcox diagram showing the groundwater suitability for irrigation

(Fig. 16). The USSL diagram illustrates that all of the sampling points lie in the C5S4 and C4S4
fields, indicating extremely high level salinity and alkalinity (Fig. 17). High salinity waters are
not suitable and must not be used for irrigation of soils with poor drainage. Thus, it is needed to
pay specific attention to salinity management and cultivation of high salt tolerant crops.

4.5.4 Residual Sodium Carbonate

High (HCO; + CO3)/(Ca** + Mg?*) ratio results in Ca®* and Mg®* precipitation as carbon-
ates. Hence, RSC was calculated via Eq. (4) in Table 2 to recognize hazardous carbonates and
bicarbonates impact on irrigation water quality. RSC values which range from —46.98 to —1.88,
having a mean value of —16.50, indicate that the water samples lie in good class (Table 6).

4.6 Saturation Index

To thermodynamically consider the groundwater composition, the SIs were evaluated regard-
ing the major carbonates including calcite, dolomite and aragonite, and evaporites containing
gypsum, anhydrite and halite. Values of Saturation indices can be categorized as saturation (—1
< 81<0), unsaturation (SI<— 1) and oversaturation (SI > 0).

Values of SI varied between 0.89-2.93, 0.07—1.17 and 0.21-1.31 with reference to dolo-
mite, aragonite and calcite, respectively. Moreover, SI values of gypsum, anhydrite and halite
ranged from —1.56 to —0.44, —1.77 to —0.65 and —4.89 to —3.89, respectively. On the basis of
Fig. 18, carbonates were oversaturated in all groundwater samples, revealing that precipitation
occurs. Although saturation state was observed in few samples concerning anhydrite and
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Fig. 17 The USSL diagram for 100 2 3 ‘f 5 ????jooo 2 3 f 500_0‘ '1.0000
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gypsum, which indicate the equilibrium, unsaturation state dominated evaporites, especially
halite, reflecting evaporites dissolution in most of the groundwater samples.

In this regard, dissolution of gypsum and anhydrite is continuously carried out without
precipitation along the flow-path across the basin, resulting in an increase in Ca>* concentra-
tion, and consequently, a decrease in the concentrations of HCO; and CO3 ™ by calcium
carbonate precipitation. Hence, evaporites do not play a significant role in the groundwater
chemistry, whereas carbonates dissolution mostly influences the chemistry of water.

4.7 Groundwater Hydrochemistry in Comparison with Other Similar Studies

Groundwater chemical composition in the selected relevant studies has statistically been
compared with the corresponding values in Jangal plain (Table 7). The hydrochemical
characteristics of the groundwater in this research were, on average, similar to those measured
by Velayati (2000), which reveals acceptable chemical analyses error. However, the maximum
values of most major ions and physicochemical properties were higher in the present study,

@ Springer



1040 M.J. Nematollahi et al.

3 *
®o Q: $ * o o ®
& <
2 . 8 B S
+ Anhydrite
0 ]
A A " f A @ Aragonite
@ -1 $ 4 * * * X Calcite
Ay s
2 ¢ Dolomite
-3 A Gypsum
B Halite
| e dee ™ %
5L mifeP m s
2000 3000 4000 5000 6000 7000 8000 9000

TDS (mg/L)

Fig. 18 Scatter plot of saturation indices of evaporites and selected carbonate minerals vs. TDS

reflecting degradation in the groundwater quality. Comparing with this study, the measured
cations, anions and physicochemical parameters in Torbat-Zaveh plain (Nematollahi et al.
2016), situated in the north of the area (Fig. 4a), could be useful to gain a better insight into
groundwater salinization. Significant higher contents of the hydrochemical quantities in Jangal
plain suggest intrusion of Bajestan playa saline water as a different specific factor controlling
the groundwater composition. Except Ca>* and HCOj3, average values of the major ions, EC
and TDS in the studied aquifer is greater when compared with those in an aquifer in Iran
central desert (Baghvand et al. 2010) and Selguk plain in Turkey (Somay and Gemici 2009).
Relative to Jangal plain, Jerba aquifer (Kharroubi et al. 2012), which is affected by salt water
intrusion, shows excessive EC and the ions concentration as well.

5 Conclusions

Quality of groundwater for drinking and irrigational purposes has been investigated in an
unconfined aquifer. With collecting and analyzing groundwater samples, values of physico-
chemical parameters including TDS, EC and pH, and major ions content including Na*, K*,
Ca®*, Mg?*, CI", HCO5', SO;  and CO3 ™ have been determined to assess hydrogeochemical
characteristics of groundwater. The Piper diagram showed that Na-Cl poses the main water
type. The values of water quality parameters and major ions concentrations in comparison with
the WHO permissible limits indicate that the groundwater resources are unsuitable for drinking
purpose. Moreover, parameters, such as EC, TDS, SAR, Na% and TH, along with the Wilcox
and USSL diagrams suggest that the groundwater is mostly not suitable for irrigation purpose.
Salinity and alkalinity threaten soil health and thus biota. The study shows that saline water
intrusion, evatranspiration, ion exchange and carbonates dissolution are the dominant process-
es regulating the quality of groundwater. Although alternative drinking water resource is
supplied, the authors recommend urgent special management and programming to improve
groundwater quality for various aims and avoid harmful effects on inhabitants. For instance,
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programmed agriculture is suggested to prevent groundwater overexploitation. As well un-
controlled usage of fertilizers could be limited and cropping salt-tolerant plants could be
promoted. To overcome the excess irrigation water salinity, soil drainage should be improved
as well.
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