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Abstract This paper presents the results of an assess-
ment about interaction between Urmia Lake (UL) and
coastal groundwater in the Urmia aquifer (UA). This
aquifer is the most significant contributor to the fresh-
water supply of the coastal areas. The use of
hydrochemical facies can be very useful to identify the
saltwater encroachment or freshening phases in the
coastal aquifers. In this study, the analysis of
salinization/freshening processes was carried out
through the saturation index (SI), ionic deltas (Δ), bina-
ry diagrams, and hydrochemical facies evolution (HFE)
diagram. Based on the Gibbs plot, the behavior of the
major ions showed that the changes in the chemical
composition of the groundwater are mainly controlled
by the water-soil/rock interaction zone and few samples
are relatively controlled by evaporation. A possible

explanation for this phenomenon is that the deposited
chloride and sulfate particles can form the minor salinity
source in some coastal areas when washed down by
precipitation. The SI calculations showed that all
groundwater samples, collected in these periods, show
negat ive saturat ion indices , which indicate
undersaturation with respect to anhydrite, gypsum, and
halite. In addition, except in a few cases, all other
samples showed the undersaturation with respect to the
carbonate minerals such as aragonite, calcite, and dolo-
mite. Therefore, these minerals are susceptible to disso-
lution. In the dry season, the SI calculations showed
more positive values with respect to dolomite, especially
in the northern part of UA, which indicated a higher
potential for precipitation and deposition of dolomite.
The percentage of saltwater in the groundwater sam-
ples of Urmia plain was very low, ranging between
0.001 and 0.79 % in the wet season and 0.0004 and
0.81 % in the dry season. The results of HFE diagram,
which was taken to find whether the aquifer was in the
saltwater encroachment phase or in the freshening
phase, indicated that except for a few wells near the
coast, there is very little hydraulic interaction between
UA and UL. In this coastal area, most of the samples
that were collected repeatedly in both wet and dry
seasons showed the same hydrochemical facies, which
suggested that the seasonal groundwater fluctuations
cannot significantly change the chemical composition
of groundwater.
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Introduction

In many coastal regions, groundwater is a significant
source of water supply for domestic, industrial, and
agricultural purposes. On the other hand, saline/
saltwater intrusion into fresh groundwaters is one of
the main concerns in coastal aquifers around the world
(Ozler 2003; Terzic’ et al. 2008; Lucas et al. 2010;
Mollema et al. 2013; Chen and Jiao 2014; Boluda-
Botella et al. 2014). Salinization of groundwater by
saline/saltwater intrusion is a widespread natural threat
for many coastal aquifers around the world. In coastal
lands, high extraction of groundwater can drop the water
table of aquifer, decrease the freshwater pressure and
help saline/saltwater to move inland, and initiate deteri-
oration of coastal groundwater quality (Barker et al.
1998; Barlow and Reichard 2010).

The identification of major controlling mechanisms of
water chemical composition and dynamics of flow sys-
tems is necessary to optimal management of coastal aqui-
fers. Therefore, some information about groundwater
chemistry, quality of groundwater for various purposes,
recognition of different groundwater resources, and assess-
ment of main chemical processes in such aquifers should
be provided (Singh et al. 2009; Vandenbohede and Lebbe
2012; Skrzypek et al. 2013; Amiri et al. 2014, 2015;
Matiatos et al. 2014; Esmaeili-Vardanjani et al. 2015).
Groundwater salinization in coastal aquifers may occur
due to saline/saltwater encroachment, but it may addition-
ally encompass a range of complex geochemical processes
that control the chemical composition of groundwater; for
example, mixing of different water bodies in aquifer,
water-rock interaction, and anthropogenic contamination
of soil and water (Han et al. 2014).

Saline/saltwater encroachment into coastal fresh
groundwaters depends on some factors, including sur-
face and underground topography, hydraulic character-
istics of aquifer, change in precipitation volume,
groundwater flow patterns, infiltration rate, tidal and
estuarine activity, and overexploitation of groundwater
(Saxena et al. 2004; Melloul and Collin 2006; Lee and
Song 2007; Kim et al. 2009; Mondal et al. 2010).

Freshwater and saltwater interactions in coastal areas
have been widely examined using hydrogeochemical
approaches (El Yaouti et al. 2009; Mondal et al. 2011;
Mollema et al. 2013; Gurunadha Rao et al. 2013;
Petelet-Giraud et al. 2013; Tomaszkiewicz et al. 2014),
geophysical methods (Choudhury et al. 2001; Wilson
et al. 2006; Cimino et al. 2008; Morrow et al. 2010;

Asfahani and Abou Zakhem 2013), and isotopic ap-
proaches (Schiavo et al. 2009; Langman and Ellis
2010; Rodellas et al. 2012; Mongelli et al. 2013;
Carreira et al. 2014; Han et al. 2014; Cary et al. 2015).

The differences in the chemical composition of saline
groundwater originating from saltwater encroachment
and saltwater displacement are critical in evaluating the
sources and processes of water salinization in coastal
aquifers (Yechieli et al. 2009; Russak and Sivan 2010).
Salinization of groundwater due to saline/saltwater in-
trusion can be precisely examined using the water chem-
istry data along with hydrogeological assessments (e.g.,
Andersen et al. 2005; Jorgensen et al. 2008; Han et al.
2014).

The present research was conducted in Urmia aquifer
(UA). The study area is located on the west side of Urmia
Lake (UL) in the NWof Iran. The UL is one of the largest
hypersaline lakes in the world. This protected area is
recognized as a biosphere reserve, based on UNESCO
World Network of Biosphere Reserves (WNBR). In
1985, the UL had an area of about 5000 km2, mean depth
of 6 m, and an elevation of 1275.6 m above the mean sea
level. It is located at the center of a vast drainage basin
(≈52,000 km2), with all surface and groundwater draining
toward UL. In recent years, the UL has faced a critical
condition due to declining water level and increasing
salinity (Ministry of Energy 2010). Currently, the lake
floor is covered with a layer of salt. The salinity of this
lake has increased dramatically in recent years because of
some factors such as specific geological conditions, high
evaporation rate, reduced inflow rate, and overexploitation
of groundwater resources. The current situation ofULmay
have the irreparable environmental consequences such as
damage to the surrounding fresh groundwater resources,
agriculture, residents, animals, etc.

The hydrogeochemical status of Urmia coastal
groundwaters has not been thoroughly studied.
Therefore, there is little information about the chemical
composition of groundwaters, controlling mechanisms
of water chemistry, salinity problem, and interaction of
UL and groundwater resources. The current study at-
tempts to identify the chemical evolution of coastal
groundwaters and possible interaction between UL and
UA by using major ions and some trace element indica-
tors. In other words, assessment of the intrusion and
freshening processes and complex interactions between
UL and fresh groundwater in the UA is carried out. In
this study, the data included field observations and anal-
ysis of hydrochemical compositions of groundwater.
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Theoretical approach

Exchange reactions

In coastal aquifers, there is a strong relationship between
the saline/saltwater front movement and groundwater
chemistry, because of the ion exchange process.
Generally, fresh groundwater is dominated by calcium
and bicarbonate ions originated mainly from the calcite
dissolution. Under such conditions, the calcium can be
adsorbed on the surfaces of ion exchangers such as fine-
grained sediments and organic matter. On the other
hand, sodium is the dominant sorbed cation in cases that
the sediments are in contact with saline/saltwater
(Sayles and Mangelsdorf 1977). When saline/saltwater
encroaches on a coastal aquifer, sodium substitutes part
of the calcium on the surface of solid particles, as
presented in the following equation (Bear et al. 2013):

Naþ þ 1=2 Ca‐X2→Na‐X þ 1=2Ca2þ ð1Þ
where X is the natural ion exchanger. In such reactions,
sodium (calcium) is taken up (released) by (into) the solid
(aqueous) portion of aquifer and the chemical composition
of solute changes fromNaCl- to CaCl2-typewater (Appelo
and Postma 2005). In this reaction, the Cl− concentration
does not change, so it can be considered as a conservative
ion. Therefore, as saline/saltwater encroaches to the coastal
fresh groundwater, the Na+/Cl− ratio decreases and the
(Ca2++Mg2+)/Cl− ratio increases. Under such conditions,
the enrichments in Ca2+ and Mg2+ need to balance by the
depletion of Na+ (i.e., Ca2++Mg2+=-Na+), and therefore,
a reverse process takes place by the influx of fresh ground-
water (Bear et al. 2013):

1=2Ca2þ þ Na‐X→1=2Ca‐X2 þ Naþ ð2Þ

The freshwater intrusion (flushing) into mixing zone
leads to adsorption of Ca2+ and Mg2+ by the ion ex-
changers with concurrent release of Na+. This process
can increase the Na+/Cl− value and decrease the (Ca2++
Mg2+)/Cl− ratio and formation of NaHCO3-type water.
Therefore, water quality can show variations of saline/
saltwater-freshwater mixing zone, and changing the
ionic ratios indicates the dynamics of ion exchange.
Based on laboratory studies, exchanges of Na+/Ca2+

and Ca2+/Na+ are the main controlling processes of the
chemical composition of coastal groundwater in an al-
luvial aquifer affected by saline/saltwater encroachment.
These changes occur in equilibrium with the carbonate

and sulfate (e.g., calcite and gypsum) minerals. Other
processes include dolomitization-dedolomitization
compelled by sulfate solution (causing an excess of
calcium, magnesium, and sulfate), sulfate reduction
(deficit of sulfate), and precipitation of gypsum coupled
with ion exchange during the early stages of saline/
saltwater encroachment.

Change of hydrochemical facies in the saline/saltwater
encroachment and freshening processes

The hydrochemical facies evolution (HFE) diagram,
which was proposed by Giménez-Forcada (2010) for the
classification of water in coastal areas, considers just the
percentage of the major cations (Ca2+ and Na+) and anions
(HCO3

−, SO4
2−, and Cl−) which determine the dynamics

of saline/saltwater encroachment. To simplify the complex
processes, some less important considerations should be
ignored. This occurs when the discussion does not take
into account the ions occupying a secondary position in
the freshwater and saline/saltwater end members, as is the
case with SO4

2−, Mg2+, and K+ (Ghiglieri et al. 2012).
The sulfate percentage can be considered an alterna-

tive to bicarbonate percentage because both of these
major anions are found in large quantities in freshwater.
Because of the irregular behavior of Mg2+ ion, this cation
is not considered in the exchange processes. In addition,
due to the lower concentration of potassium than sodium
in most cases, the sodium percentage incorporates the
potassium percentage. The facies is determined as a
function of the percentage of Ca2+ and Na+ cations:
HCO3

− (or SO4
2−) and Cl− anions with respect to the

sum of cations and anions, respectively. When the cation
or the anion proportions are <0.5 but are higher than for
any of the other cations and anions considered, the facies
form is termed Mix. Triangular diagrams are the most
widely used graphical representations of hydrochemical
facies. In such diagrams, the ion concentrations (in meq/
l) can be reported as percentages of the total anion and
cation content. For representing the hydrochemical facies
in the central part, the percentage of chloride and sulfate
on the right side of triangle and calcium and magnesium
on the left side of another triangle should be merged
together. Therefore, the central part exhibits (%Cl−+
%SO4

2−) versus%HCO3
−, and (%Ca2++%Mg2+) versus

(%Na++%K+) (Ghiglieri et al. 2012).
This problem can be resolved by representing the main

processes occurring during the intrusion and freshening
stages in the evolution of the hydrochemical facies
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(Giménez-Forcada 2010). In HFE diagram (Fig. 1), the
horizontal axis shows the percentages of Na+ and Ca2+ in
milliequivalents per liter, reproducing the exchange reac-
tions. These percentageswere calculated from the total sum
of cations (including Mg2+). The vertical axis shows the
percentage of anions. The percentage of Cl− represents
saltwater, and percentage of HCO3

− or SO4
2− (depending

on the dominant anion) represents freshwater composition.
In the encroachment phase, increase in salinity (line I)
initiates the reverse ion exchange reactions (line II). This
event leads to the formation of Ca-Cl facies. Then, the
groundwater chemistry moves (line III) toward the saline/
saltwater composition (Na-Cl). In the freshening phase,
freshwater recharge induces direct ion exchange reactions
(lines I′ and II′). This process leads to the formation of a
Na-HCO3 facies. Finally, the groundwater composition
moves (line III′) toward the composition of the freshwater
that enables the recovery of the aquifer (Giménez-Forcada
2010).

Materials and methods

Study area

The Urmia plain, northwest of Iran, is located between
the eastern longitude of 44°, 20′ and 45°, 20′ and

northern latitude of 37°, 05′ and 38°, 05′ (Fig. 2). UA
is a large natural reservoir, which provides water re-
quirements for different uses such as agricultural, indus-
trial, and domestic. This convertible unconfined/
confined aquifer has an area of around 868 km2. In this
aquifer, groundwater flows from areas of a high hydrau-
lic head in the west to the areas of a low hydraulic head
in the east (next to UL). Four main rivers in this region
(Nazlu-Chai, Rowzeh-Chai, Shahr-Chai, and Baranduz-
Chai) originate from the western mountainous.

In this area, the geological units consist of the
rock formations from Precambrian to Tertiary. The
oldest rock units are composed mainly of volcanic
series, acidic tuff, diorite, and gneiss. Tertiary rock
units are formed mainly of different types of car-
bonate rocks (limestone and dolomite), conglomer-
ate, sandstone, and shale (Kamei et al. 1973;
Sartipi et al. 2014).

Based on the Global Bioclimatic Classification
System, the Urmia plain is located in a Mediterranean
pluvial seasonal-continental climate condition
(Martinez et al. 1999). In the recent 30-year period,
mean annual temperature and precipitation in the area
are 11.52 °C and 346.3 mm, respectively. In this period,
mean maximum (31.2 °C) and minimum (−6.1 °C) tem-
peratures are recorded in July and January, respectively
(NOAA 2012; WMO 2014).

Fig. 1 HFE diagram (Giménez-Forcada 2010)
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Water sampling and analyses

In this research, sampling of water from surface and
underground resources is done in two stages: the first
in June 2014 (as the wet season) and the second in
September 2014 (as the dry season). The first and
second phases of sampling were carried out on a
network of 84 and 57 wells, respectively (Figs. 2 and
3). Groundwater samples were collected from shallow
and deep boreholes and hand dug wells using standard
sampling procedures (APHA 1985; ISO 1993). The
depth of water wells and boreholes typically ranges
from 10 to 120 m. In order to remove any stagnant
water from the wells, about three casing volumes were
pumped from the wells before commencing sampling.

At each sampling site, water samples were stored in
two 250-ml polyethylene bottles after being filtered
through 0.45-μm membrane filters. The water samples
were divided into two distinct groups including non-
acidified for anion analysis and acidified (with a few
drops of Suprapur® nitric acid (HNO3, 65 % v/v;
Merck, Germany)) for analysis of cations and trace
elements. The physical parameters such as Eh, pH, T,
field salinity, dissolved oxygen (DO), and electrical
conductivity (EC) were measured in the field by a
HACH Multimeter device (Table 1). The samples were
kept in an icebox and then transferred to a fridge (with
an average temperature of 4 °C) until delivery to the
laboratory for analysis (Table 1). Positions of sampling
wells are shown in Figs. 2 and 3.

Fig. 2 Geological map of the study area, showing well locations
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Multivariate assessments

Twenty-one physicochemical variables (including temper-
ature, pH, Eh, DO, EC, field salinity, Ca2+,Mg2+, Na+, K+,
HCO3

−, CO3
2−, Cl−, SO4

2−, NO3
−, NO2

−, PO4
3−, F−, Br−,

B, and SiO2) and 141 samples were analyzed using mul-
tivariate statistical techniques. In this research, the relation-
ships between the variables were explored using Pearson’s
correlation coefficient with two statistical significance
levels. The variable values (Table 1) were standardized
prior to performing the multivariate analysis.
Standardization of data set reduces the impact of different
units of measurement and makes the data dimensionless
(Liu et al. 2003). In this study, two of the most common
multivariate statistical tools including the principal compo-
nent analysis (PCA) and the hierarchical cluster analysis
(HCA) were used for the analysis of the data set.

The PCA was used to interpret the structure of the
original data set via a reduced new set of non-correlated
variables (principal components (PCs)). In addition to
significant data reduction, PCs can describe the variabil-
ity of data set without losing much original information.
The eigenvalues greater than 1 are considered for ex-
traction of factors (Kaiser 1958; Harman 1960). The
Kaiser’s varimax rotation scheme (Kaiser 1958) is used
for rotation of initial factors to the final factor.

In HCA technique, the variables are classified into
different clusters based on similarities within a cluster
and dissimilarities between different clusters. In this
study, R-model hierarchical agglomerative cluster anal-
ysis is performed on the normalized data set by squared
Euclidean distances and Ward’s method (Ward 1963) to
obtain dendrograms (Chen et al. 2007; Li et al. 2009).
These methods have been successfully used for the
assessment of groundwater chemistry by many re-
searchers. The statistical assessments were done using
SPSS 19.0 (IBM, Chicago, IL, USA).

Analysis the freshening/salinization processes
and water-rock interaction

Analysis the freshening/salinization processes is car-
ried out through the saturation index (SI), ionic
deltas (Δ), binary and HFE diagrams. The SI is a
valuable measure to determine whether the ground-
water is saturated, undersaturated, or super-saturated
with respect to the particular mineral. In aqueous
solution, the saturation indices are calculated by
using the approach illustrated by Appelo and
Postma (2005). It is useful for assessing the extent
to which groundwater chemistry was controlled by
equilibrium with solid-phase minerals. PHREEQC

Fig. 3 Sampling points in the northern (left) and the southern (right) parts of UA. Red and black points are the groundwater samples
collected in wet and dry seasons, respectively
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version 2 (Parkhurst and Appelo 1999) is applied to
determine the thermodynamic equilibrium SI for
mineral species in the groundwater samples.

In order to determine the extent of saline/saltwater
encroachment, a theoretical mixture percentage is calcu-
lated considering Cl− as a conservative ion (i.e., not affect-
ed by ion exchange process). So, by considering this fact
that the current investigation was carried out in an aquifer
adjacent to a salt lake (UL), the saline/saltwater contribu-
tion (x) in a groundwater sample can be estimated using
the following equation (Appelo and Postma 2005):

x ¼ CCl;sample−CCl;fresh

CCl;lake−CCl;fresh
� 100 ð3Þ

where CCl, sample is the Cl− content of the groundwater
sample, CCl,lake is the Cl− concentration of the UL, and

CCl,fresh indicates the Cl− concentration of the fresh
groundwater.

In this study, the lowest measured value of the Cl− is
considered to choosing the freshwater sample. Generally,
the Cl− does not remove from the system because of its
high solubility (Appelo and Postma 2005). It can be
originated not only from the aquifer matrix salts but also
from a salinization source like saline/saltwater encroach-
ment, etc. (Kouzana et al. 2009). Once calculated, the salt
lake water fraction is used to calculate the theoretical
concentration of each ion i resulting from the conserva-
tive mixing of UL water and the freshwater:

Ci;mix ¼ x=100ð Þ � Ci;lake þ 1− x=100ð Þð Þ � Ci;fresh ð4Þ

whereCi,lake andCi,fresh are the concentrations of the ion i
in UL water and fresh groundwater, respectively. The

Table 1 Physicochemical parameters of the groundwater and UL water sampled in the wet season (June 2014) and dry season (September
2014) survey

Wet season (June 2014) Dry season (September 2014)

Groundwater UL Groundwater UL

Min. Max. Ave. Min. Max. Ave. Min. Max. Ave. Min. Max. Ave.

T 14 20 16.67 22 22.7 22.7 13.5 23 20 23 24 23.5

pH 6.87 8.42 7.24 6.35 6.41 6.38 6.98 8.92 8.3 6.55 6.6 6.57

Eh −62.87 26.08 4.84 n.m. n.m. n.m. −88 0.6 −75.8 n.m. n.m. n.m.

DO 0.58 4.5 1.16 n.m. n.m. n.m. 0.07 3.6 1.85 n.m. n.m. n.m.

EC 355 3800 1171.89 127,900 133,950 130,800 428 7180 1505.4 187,380 192,500 189,940

Field salinity 0.1 2 0.58 n.m. n.m. n.m. 0.21 3.6 0.24 n.m. n.m. n.m.

Ca2+ 3.54 319.9 105.11 113.2 130.7 121.27 6.11 271.5 105.6 57.4 57.9 57.65

Mg2+ 5.67 485.8 78.48 62,500 65,550 64,343.64 15.6 345 79 40,420 40,518 40,469

Na+ 15.5 1080.7 130.38 51,000 58,770 54,827.27 12.2 1229 177.89 9850 9877 9863.5

K+ 0.78 114.63 10.39 12,730 13,800 13,279.09 2.6 118.8 10.44 17,920 17,987 17,953.5

HCO3
− 15.9 10,132.1 402.95 7191.8 9205.5 7984.18 30.2 734.4 306.51 13,664.3 13,685.4 13,674.85

CO3
2− 24.7 605.5 103.34 7073.9 9054.5 7853.27 93.5 625.3 213.85 21,504.5 21,675 21,589.75

Cl− 6.1 1325 116.23 160,443.6 175,811.8 166,870.3 7.4 2061.4 200.69 252,687.2 253,585.1 253,136.2

SO4
2− 1 980 153.95 2900 3200 3036.36 1 590 143.63 56,000 56,700 56,350

NO3
− 0.128 97 11.39 5.5 20.38 10.78 0.08 79.3 8.75 277 280 278.5

NO2
− 0.003 0.34 0.01 0.003 0.007 0.0045 0.003 2.37 0.27 0.007 0.01 0.0085

PO4
3− 0.07 6.3 0.44 1.8 9.2 3.4 0.05 5.9 0.54 6.7 6.82 6.76

F− 0.16 5.7 1.17 202 236 216 0.11 4 1 24.5 25.3 24.9

Br− 0.32 5.05 1.39 4.65 7.25 5.94 0.23 9.65 2.79 9.52 9.68 9.6

B 0.3 64 2.98 250 720 470 0.8 25.6 2.29 46 46.8 46.4

SiO2 5.14 37.28 11.17 1 1.2 1.10 3.57 33.31 10.5 0 0.4 0.2

Cations and anions are in milligram per liter, temperature (T) is in degree Celsius, field salinity is in part per thousand (ppt or‰), electrical
conductivity (EC) is in micro-Siemens per centimeter, and redox potential (Eh) is in millivolts

DO dissolved oxygen, Min. minimum, Max. maximum, Ave. average, n.m. not measured
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ionic deltas (Δ) for each ion i resulting from some chem-
ical reaction occurring with saline/saltwater-groundwater
mixing are equal to the difference between the concen-
tration of the conservative mixing Ci,mix and the mea-
sured one Ci,sample (Fidelibus et al. 2003):

ΔCi ¼ Ci;sample−Ci;mix ð5Þ

The negative and positive values of ΔCi indicate that
groundwater sample is getting depleted or enriched,
respectively, for ion i compared to the theoretical mixing
value (Zghibi et al. 2013). In other words, positive ionic
deltas specify enrichment because of some processes
such as mineral dissolution or cation exchange reaction.
The values close to zero show that the ion concentration
is a result of conservative mixing.

Results and discussion

Groundwater chemistry

The result of chemical analyses and field measurements
for 141 groundwater samples (84 samples in the wet
season and 57 samples in the dry season) and 11 sam-
ples from UL (9 samples in the wet season and 2
samples in the dry season) is summarized in Table 1.
In wet and dry seasons, the groundwater samples had
average temperatures during sampling of around 17 and
20 °C, respectively. In wet and dry seasons, the pH
values varied from 7.24 to 8.3 and Eh values from
4.84 to −75.8 mV, respectively. In the wet season, EC
varied considerably from 355 to 3800 μS/cm and in dry
season changes from 428 to 7180 μS/cm.

As shown in Table 1, the average concentration of
some hydrochemical parameters such as F−, NO3

−, SO4
2

−, HCO3
−, Ca2+, and field salinity in the wet season is

more than in the dry season. During the wet season, the
water table of coastal areas is higher than the dry season.
Thus, dissolution rate will be more in the aquifer. In
addition, by considering the 6-month residence time at
the end of the wet season with higher rainfall and
discharge, there is a greater chance for alkali and alka-
line earth elements to be washed and transported in
aqueous solutions. In fact, it is because of ionic potential
of abovementioned elements, which makes them to
form dissolved hydroxides soluble in water.

Statistical screening of groundwater data correlation
matrix

Table 2 presents the correlation coefficient matrix for all
physicochemical parameters. If the correlation coeffi-
cient (r) is greater than 0.7 or is between 0.5 and 0.7, it
indicates the strongly and moderate correlation of two
parameters, respectively.

In the wet season, parameters having high degrees of
correlations are EC and Cl− (r=0.95), EC and Na+

(r = 0.90), EC and Mg2+ (r = 0.79), Na+ and Cl−

(r = 0.90), Cl− and Mg2+ (r = 0.76), Cl− and K+

(r = 0.78), Na+ and Mg2+ (r= 0.79), Mg2+ and K+

(r=0.79), SO4
2− and NO3

− (r=0.73), and Ca2+ and Eh
(r=0.77). Other relations between parameters fall in the
range of moderate to low correlations.

In the dry season, parameters having high degrees of
correlations are EC and Cl− (r=0.92), EC and Na+

(r=0.87), EC and Mg2+ (r=0.87), EC and K+ (r=0.74),
Br− andMg2+ (r=0.78), Na+ andMg2+ (r=0.78), Na+ and
Cl− (r=0.78), Mg2+ and SO4

2− (r=0.71), Mg2+ and Cl−

(r = 0.77), K+ and Cl− (r = 0.87), Ca2+ and SO4
2−

(r=0.79), and Ca2+ and Eh (r=0.80).
This matrix indicates that (1) high correlation be-

tween Cl−, Na+, Mg2+, and EC reflects the significant
contribution of these elements to the acquisition of the
mineralization of water; (2) the high correlation between
Na+ and Cl− indicates that the dissolution of halite is an
important process of mineralization or Urmia saltwater
intrusion is expected; (3) the relatively high correlation
between Ca2+ and SO4

2− shows that the process of base
exchange with clay minerals has not high impact on
dissolution of sulfate minerals; and (4) EC is not corre-
lated with pH. This suggests that dissolution of the salts
and other rock phases is not related to acidic conditions
of groundwater, but it can be related to their solubility
potential (Manno et al. 2006).

However, parameters having no significant correlations
with other parameters are NO2

−, HCO3
−, B, SiO2, DO,

and T in the wet season and NO3
−, NO2

−, PO4
3−, CO3

2−,
B, SiO2, DO, and T in the dry season; therefore, these are
not included in the subsequent multivariate analyzes.

Multivariate statistical analysis (PCA and HCA)
and water-rock interactions

In this study, PCA is performed on the normalized data
sets separately for the wet and dry seasons (Table 3). In
wet and dry seasons, the first three and two components
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extracted have eigenvalues >1 and correspond to approx-
imately 80.80 and 75.21 % of the total variance, respec-
tively. The variance of the principal loadings is maxi-
mized by Varimax rotation. The principal component
loadings for these parameters along with their variance
and loading values (>0.5) are presented in Table 3.

In the wet season, the first rotated principal compo-
nent (RC1) explains approximately 32.97 % of the total
variance, exhibiting the strong-to-moderate positive as-
sociation with Cl−, CO3

2−, K+, Mg2+, Na+, Br−, and EC.
These parameters (except Br−) are the major ions in the
aqueous solution. The increase in Cl− content of some
groundwater samples could be attributed to the mixing
with some salinity sources such as UL water, which is
characterized by a high Cl− concentration. The positive
correlation between EC and aforementioned variables
suggests that this principal component can be consid-
ered as a salinization index (Liu et al. 2003). The mod-
erate positive correlation between EC and Br− concen-
trations (r=0.56) (Table 2) besides the weak correlation
of these variables with EC in determined principal com-
ponents (Table 3) shows that they cannot be regarded as
a water salinization index attributed to saltwater intru-
sion. The presence of Br− in groundwater samples can
be associated with the presence of brackish water. On

the other hand, the saline groundwater samples do not
show the high values of dissolved Br−, suggesting that
enrichment in this parameter is not only due to mixing
with saline surface/groundwater (Morell et al. 1986).
The second principal component (RC2) which explains
approximately for 24.34 % of total variance shows
strong positive loadings on SO4

2−, F−, and NO3
− and

moderate loadings on Ca2+ and EC. As presented in
Table 1, UL water with an average SO4

2− concentration
equal to 3036.36 mg/l can be regarded as a possible
source of sulfate in groundwater samples. In this case,
the potential impact of evaporite deposits and geological
formations should be investigated. Generally, the release
of the F− into the groundwater occurs through the
weathering of rocks and through deposition of atmo-
spheric volcanic particles. Since the geology of the
recharge zone (west of Urmia plain) is mainly composed
of carbonate rocks, the Ca2+ ions release into the
groundwater, which changes the pH in the RC2 and
RC3 principal components. Infiltrating from farmlands
and wastewater leaching from rural and urban areas are
the major sources of nitrate in groundwater samples.
Strong positive association with Ca2+ and Eh, as well
as a strongly negative association with pH and PO4

3−,
characterizes the third principal component (RC3) that

Table 3 The rotated loadings, the
eigenvalues for each factor, the
percentage of variance, and the
total cumulative percentage of
variance for wet and dry seasons

Loadings with absolute values
<0.5 were omitted

RCs rotated principal compo-
nents, n.c. not considered
aNO3

−, PO4
3−, and CO3

2− not
considered in dry and HCO3

− in
wet seasons

parameter Wet season Dry season

RC1 RC2 RC3 RC1 RC2

SO4
2− 0.80 0.52 0.74

F− 0.90 0.73

Cl− 0.85 0.93

NO3
−a 0.73 n.c. n.c.

PO4
3− −0.76 n.c. n.c.

CO3
2− 0.80 n.c. n.c.

HCO3
−a n.c. n.c. n.c. 0.54

Ca2+ 0.50 0.75 0.86

K+ 0.91 0.82

Mg2+ 0.86 0.84

Na+ 0.81 0.90

Br− 0.50 0.73

EC 0.78 0.54 0.93

pH −0.94 −0.87
Eh 0.94 0.94

Eigenvalue 4.61 3.40 3.28 5.68 3.34

Total variance (%) 32.97 24.34 23.49 47.38 27.83

Cumulative variance (%) 32.97 57.31 80.80 47.38 75.21
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explains approximately 23.49 % of total variance.
Despite the high concentration of PO4

3− (Table 1) in
the UL water, this parameter probably has not any
impact on groundwater chemistry (negative correlation).

In the dry season, the first two RCs explained
75.21 % of the total variance in the data set (Table 3).
The RC1 corresponds to approximately 47.38 % of total
variance, showing strong-to-moderate positive associa-
tion with SO4

2−, F−, Cl−, HCO3
−, K+, Mg2+, Na+, Br−,

and EC. In this factor, the high positive loadings of Cl−

(0.93) and Na+ (0.90) indicate the importance of main
potential sources of these ions (i.e., UL). The strongly
positive correlation of other parameters along RC1 (ex-
cept SO4

2) could be attributed to mineralization of
groundwater by water-soil/rock interaction. The strong
positive correlation of Br− as a conservative ion (Morell
et al. 2008) indicates that in the dry season, bromide has
more impact on water chemistry. Ged (2013) showed
that increase in Br− content of groundwater samples
represents the degree of sea/saltwater encroachment into
coastal aquifers. The second principal component (RC2)
which explains approximately 27.83 % of the total
variance displays strong positive loadings on SO4

2−,
Ca2+, and Eh, as well as strong negative loading on
pH. Like the wet season, calcium and sulfate are located
in the second principal component. In comparison to the
wet season, the correlation of SO4

2− is lower and corre-
lation of Ca2+ is higher in the dry season. The strong
positive loading on Ca2+ in this component rather than
the wet season shows the more impact of limestone
dissolution on the groundwater chemistry. One reason
for more importance of Ca2+ in the dry season can be
attributed to groundwater extraction in eastern locations
(near to UL) and movement of freshwater from the
recharge zones (western mountains) to the eastern parts.

Although the PCA has proven to be more suitable for
presentation of the sources of water chemistry changes
than the HCA, use of a combination of these methods
leads to a better understanding of the hydrochemistry
(Yidana et al. 2008; Helena 2000). Based on HCA of
water quality data, there were three distinct clusters of
parameters in the wet season and two groups in the dry
season (Fig. 4). In the wet season, clusters are relatively
similar to results of PCA (Table 3), and in the dry
season, parameters of two clusters are quite similar to
the results of RC1 and RC2.

The presence of three and two distinct clusters in wet
and dry seasons, respectively, suggests that there may be
three and two distinct sets of influences that are affecting

water samples in this study area, i.e., a combination of
natural factors, pollution, and other human activities
(Zhang et al. 2014). In the wet season dendrogram,
EC, Cl−, Na+, K+, and Mg2+ and in the dry season
dendrogram EC, Cl−, Na+, and Mg2+ show the same
changes and are located in a distinct sub-cluster. By
considering the hydrogeological properties of the study
area and the presence of UL at the east of the aquifer, we
inferred that the influence on these sub-clusters is most
likely the effect of mineral dissolution, because the
concentrations of these elements increased with flow
down the hydraulic gradient, from west to east, and
saltwater encroachment from the UL side. Bromide
with similar changes to other parameters can be
interpreted as an indicator for saltwater intrusion in
groundwater resources. Bromide is generally
conservative in the groundwater systems, but Gerritse
and George (1988) showed that, sometimes, bromide
could be adsorbed on the organic substances and on
mineral surfaces in groundwater with low pH value
(Seaman et al. 1996). The ratio of chloride to bromide
can be used to identify the freshwater-saltwater mixing
process (Morell et al. 2008). Variables of other clusters
in the wet and dry seasons cannot be attributed to a
single factor. Many processes including natural process-
es such as evaporation and water-soil/rock interaction
and anthropogenic sources such as agricultural activities
may affect parameters of these clusters. In this cluster,
the similarity of changes of some variables such as Ca2+

and SO4
2− can persuade us to attribute the Ca2+ to

weathering the geological carbonate formations in the
west of Urmia plain and some sulfate unites (e.g., gyp-
sum and anhydrite). By considering the very high con-
centration of sulfate in the UL water (an average of
3036.36 mg/l in the wet season and 56,350 mg/l in the
dry season; Table 1), it can be considered as a potential
source of SO4

2− in the coastal groundwater samples.
In this research, Gibbs plots (Gibbs 1970) were used

to obtain a better understanding of the impacts of
hydrochemical processes such as precipitation, water-
rock interaction, and evaporation-crystallization on
groundwater chemistry. Gibbs suggested that some valu-
able information about controlling mechanisms of the
groundwater chemistry can be provided by plotting the
total dissolved solid (TDS) values against Na+/(Na++
Ca2+) and Cl−/Cl−+HCO3

−. Based on Gibbs plots
(Fig. 5), the groundwater samples mostly located in the
water-soil/rock interaction zone and some samples were
close to the evaporation-crystallization dominance zone.
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An explanation for this phenomenon is the spray of
chloride and sulfate microparticles from the salty playas
surrounding the UL. In such areas, the main aerosol
particles (diameter >1 μm) are some common minerals
(e.g., clays, calcite, and the rock-forming silicates), and
other particles (diameter <1 μm) are sulfates and alkali
and alkaline-earth salts (Schryer 1982). Observations
indicate that the UL is dry for a large part of the year,
so the vast portions of playas are exposed to wind ero-
sion. By considering the composition of UL saltwater, it
is expected that some chloride and sulfate microparticles
be derived from salty playas. Therefore, the deposited
particles form the minor salinity source in the some
coastal areas when washed down by precipitation.

In this study, the geochemical interpretations are done
by using the saturation index (SI) of minerals. Saturation
coefficient values between −0.5 and 0.5 are considered as

equilibrium state. This index is used to assess the rate of
groundwater saturation toward the mineral phases such
as precipitation-crystallization and/or dissolution reac-
tions occurring in groundwater systems (Bouzourra
et al. 2015). Figure 6 and Table 4 represent the computed
saturation indices of anhydrite, aragonite, calcite, dolo-
mite, gypsum, halite, and fluorite with PHREEQC.

The calculations indicate that all groundwater sam-
ples have negative saturation indices, which show the
undersaturation with respect to anhydrite, gypsum, and
halite, indicating the subsequent dissolution of these
minerals. In addition, except in some cases that are
saturated with respect to dolomite (e.g., S30 and N40)
and aragonite and calcite (N39), all other samples
showed the undersaturation with respect to the carbon-
ate minerals (e.g., aragonite, calcite, and dolomite).
Therefore, the carbonate minerals are susceptible to

Fig. 4 Dendrogram showing the results of the HCA of parameters for wet (left) and dry (right) seasons

Fig. 5 Mechanisms controlling groundwater chemistry in UA
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dissolution. In the dry season (September 2014),
groundwater samples exhibited the higher positive SI
values with respect to dolomite and relatively positive SI
with respect to calcite and aragonite, especially in the
northern part of UA, that indicate the higher potential for
crystallization and deposition of dolomite, calcite, and
aragonite. Therefore, the mentioned minerals are not
prone to dissolution. Except for groundwater samples
near the metamorphous rocks (S2 and N43), saturation
indices with respect to fluorite are negative, which re-
veals the undersaturation conditions.

Evaluation of saltwater encroachment into the Urmia
groundwater resources

Because of relatively conservative behavior of most
halogens in aquifers, they are the most common tracers
that have been extensively used to explain the salinity
sources in groundwater systems. In general, the

conservative characteristic of Cl−/Br− ratio has been
frequently used to determine the salinization processes
(Mandilaras et al. 2008; Katz et al. 2011; Warner et al.
2013). Although the Cl−/Br− ratio has been illustrated as
a tracer to identify the salinity origins in groundwater,
Whittemore and Davis (1995) showed that the Cl−/Br−

ratios in groundwater could be changed by sorption of
Br− on soil clay minerals and iron oxides. Other pro-
cesses can modify the Cl−/Br− ratio in groundwater
including organic matter decomposition that can release
the Br− into the groundwater, lateral encroachment of
sea/saltwater, up-coning (vertical sea/saltwater en-
croachment) of brines, and fluids derived from dissolu-
tion of evaporite deposits (Katz et al. 2011). Although
some salinity sources have characteristic high Cl−/Br−

values (e.g., wastewater and evaporite dissolution) rela-
tive to other sources with low Cl−/Br− values (e.g.,
brines originated from evaporated seawater and animal
waste), some overlaps may occur. In addition, the water

Fig. 6 Change of saturation indices (SI) of major phases in Urmia groundwater samples in a wet and b dry seasons

Table 4 Saturation indices of major phases in groundwater samples

Period Anhydrite
(CaSO4)

Aragonite
(CaCO3)

Calcite
(CaCO3)

Dolomite
(CaMg(CO3)2)

Fluorite
(CaF2)

Gypsum
(CaSO4:2H2O)

Halite
(NaCl)

Wet season Min.
(no. of sample)

−5.07
(N21)

−2.4
(S7)

−2.26
(S7)

−4.74
(S7)

−2.67
(S17)

−4.85
(N21)

−8.41
(S32)

Max.
(no. of sample)

−0.8
(N43)

0.21
(S30)

0.35
(S30)

1.42
(S30)

0.39
(N43)

−0.58
(N43)

−4.66
(S30)

Ave. −1.98 −0.69 −0.54 −0.93 −1.18 −1.76 −7.17
Dry season Min.

(no. of sample)
−4.38
(N21)

−0.38
(N31)

−0.24
(N31)

−0.62
(S13)

−3.15
(S28)

−4.16
(N21)

−8.35
(S13)

Max.
(no. of sample)

−0.94
(S2)

0.99
(N39)

1.14
(N39)

2.69
(N40)

0.21
(S2)

−0.72
(S2)

−4.47
(S30)

Ave. −2.01 0.02 0.17 0.51 −1.35 −1.79 −6.84

Environ Monit Assess (2016) 188: 233 Page 13 of 23 233



movement in fine-grained and clay-rich sediments may
change the Cl−/Br− values because of adsorption of
bromide onto the solid surfaces at pH <7 (Goldberg
and Kabengi 2010). Therefore, the Br− concentration
may not always be considered as a conservative tracer in
aquatic systems. Figure 7 presents the changes of Cl−/
Br− ratio versus Cl− concentration in the groundwater
and UL samples. As shown, Cl−/Br− ratios for most
samples collected in the wet season are higher than
Cl−/Br− values determined for water samples collected
in the dry season. Based on the calculations for wet
season, there is a wide range of low Cl−/Br− ratios
≈1.6 (sample S31) and high Cl−/Br− ratios ≈900 (sample
S3). In the dry season, lowest (≈3.2) and highest (≈442)
Cl−/Br− ratios can be seen in samples N26 and ST39,
respectively. In both wet and dry seasons, the most
coastal groundwater samples show the high Cl−/Br−

mass ratios and Cl− concentrations.
In general, other sources of salinization (e.g., sewage

disposal systems, livestock facilities, and fertilized crop-
land and gardens) should be taken into account to change
the concentration of Cl−, Br−, and salinization in some
wells. Based onMcArthur et al. (2012), the contamination
of groundwater systems by sewage can be discovered by
the presence of NO3

− and/or of SO4
2− in values greater

than expected from marine contributions (i.e., NO3
−/Cl−

mass ratios >0.0002 and SO4
2−/Cl− mass ratios >0.14).

The inverse is not true; the absence of NO3
− or SO4

2− does
not show that wastewater is absent because the reducing
conditions in some coastal groundwater resources quickly
remove both SO4

2− and NO3
− from recharge (e.g., Lowers

et al. 2007; Buschmann and Berg 2009). In our study area,
the NO3

−/Cl− mass ratios in UL are equal to 0.0021 and
0.001, and the SO4

2−/Cl− mass ratios are equal to 0.018
and 0.22 inwet and dry seasons, respectively. Based on the
results, all groundwater samples collected in both seasons
have greater NO3

−/Cl− mass ratios than UL. In addition,
about 98.81 and 91.23 % of collected groundwater sam-
ples in wet and dry seasons show the higher values of
SO4

2−/Cl− ratios than UL, respectively.
As an example, the Cl−/Br− ratio versus Cl− concen-

tration in sewage or septic tank (Panno et al. 2006;
McArthur et al. 2012) and agricultural drainage
(Schroeder and Rivera 1993) is presented in Fig. 7.
Generally, the high concentration of nitrate in ground-
water samples can be attributed to the wastewater
(Nakhaei et al. 2015) or agricultural drainage (Amiri
et al. 2015). In the wet and dry seasons, we found that
some samples with high values of Cl−/Br− ratio vs. Cl−

concentration show the high NO3
− content (e.g.,

Fig. 7 Changes of Cl−/Br− ratio versus Cl− concentration in groundwater and UL samples. Blue squares are the sewage or septic tank (A:
Panno et al. (2006) and B: McArthur et al. (2012)) and agricultural drainage (C: Schroeder and Rivera (1993))
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samples S30, S4, and N43 in the wet season and S30
and S39 in the dry season). It should be pointed out that
just samples N43 and N44 in the wet season and S6 in
the dry season exceed the maximum contaminant level
for nitrate (50 mg/l) (WHO 2011).

Based on distribution of groundwater samples in Fig. 7,
some samples are close to the chemical composition of
sewage or septic tank and agricultural drainage effluents,
but their impact cannot be precisely confirmed by our data
and requires a comprehensive study to define the role of all
possible factors. It should be noted that in this study, in
order to reduce the adverse effect on water chemistry, an
attempt was made to collect the samples from locations
that are far from pollution sources such as sewage.

One of the useful halogens that can be used in ex-
ploring the saltwater intrusion and freshening of ground-
water resources is boron. Boron in aquatic solutions
occurs as uncharged boric acid (B(OH)3

0) and borate
ion (B(OH)4

−) forms. In addition to base-exchange re-
actions, boron is typically adsorbed during saline/
saltwater intrusion (Jones et al. 1999). Thus, the high
Cl−/B ratios (Fig. 8) in groundwater samples may char-
acterize the Urmia saltwater encroachment. The results
showed that boron and chloride are weakly correlated,
but the relative boron enrichment in some groundwater
samples, which have the high Cl− concentration, is

apparent. The relative enrichment of boron relative to
the conservative mixing direction between saltwater and
freshwater indicates that boron is released from the
adsorption sites. The relative enrichment of boron can
be attributed to the re-equilibrium between adsorbed and
dissolved boron during freshening processes which re-
sulted in desorption of boron (Vengosh 2014). As a
result, just some areas of the UA (e.g., S30, S36, N17,
N43, ST39, S2, and S4) show evidence of saltwater
originated from some possible sources such as UL and
dissolution of salty playas (high Cl−/B ratios) while
others show evidence of freshening (low Cl−/B ratios).

In order to the interpretation of dynamic characteris-
tics of UL saltwater encroachment, we assessed several
bivariate diagrams and the relationships between Ca2+,
Mg2+, Na+, K+, SO4

2−, and Cl−. The major ion/chloride
relationships for all the samples collected in both wet
and dry seasons are plotted in Fig. 9, in which the
conservative mixing of fresh groundwater and UL salt-
water is presented as a line in each part.

The EC and Cl− show a relatively linear correlation
(Fig. 9a). This indicates that admixture with UL saltwa-
ter is one of the potential processes responsible for the
salinization of groundwater samples, although the devi-
ation of some samples from these lines suggests that
some other processes such as water-soil/rock interaction

Fig. 8 Changes of Cl−/B ratio versus Cl− concentration in groundwater and UL samples
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may also be important. Often, the chemical composition
of salinized groundwater does not indicate a single
source or salinization mechanism, given similarities in
the chemical compositions of different saline sources.

One of the main approaches to evaluation of some
salinity sources is using different ions to chloride ratios
such as Na+/Cl− and Ca2+/Cl− ratios. For example, salt-
water encroachment into coastal aquifers is associated
with an inverse correlation between Na+/Cl− and Ca2+/
Cl− due to ion exchange reactions, resulting in low Na+/

Cl− and high Ca2+/Cl− ratios relative to saltwater values.
In contrast, non-marine/salt lake salinity sources typically
have Na+/Cl− >1. The Na+/Cl− ratio can be changed by
water-rock interaction and ion exchange reactions.
Therefore, these processes can reduce the Na+/Cl− ratio
of saline/saltwater in non-marine/salt lake settings. The
relationship between the Na+ and Cl− (Fig. 9b) suggests a
pattern that closely follows the blending process charac-
terized by the conservative mixing lines, even though
some deviations from the lines were recorded. Generally,

Fig. 9 Relationships between the concentrations of Cl− and a EC, b Na+, c Ca2+, d SO4
2−, e K+, and f Mg2+ in groundwater samples

collected in the Urmia plain for wet and dry seasons. Concentrations expressed in milliequivalents per liter
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change of Na+ vs. Cl− is a good tracer to distinguish
different sources of salinity. However, the reactivity of
Na+ in the unsaturated zone can reduce the Na+/Cl− ratio.
It is, therefore, essential to use assemblages of diagnostic
chemical tracers for accurate delineation of the salinity
sources. The samples with low concentration of Na+

showed the high Ca2+ content and vice versa. Thus, the
major ion concentrations (Ca2+, Na+, and Cl−) cannot be
explained by the simple mixing of freshwater and salt-
water. It seems that a combination of factors particularly
water-rock interaction with carbonate rocks and clay
materials is the controlling mechanism of mineralization
in these groundwater samples.

The distribution of Ca2+ vs. Cl− concentration
(Fig. 9c) shows the more dispersion than other ions. In
addition, some saline samples (e.g., S30, N17, N43, S4,
S2, and N1) contained the high values of Ca2+ with
respect to the conservative mixing line.

The relationship between SO4
2− and Cl− concentra-

tion represented in Fig. 9d indicates that concentration of
SO4

2− is generally determined by the presence of UL
saltwater, although some samples displayed a higher
concentration than expected (points near the SW end
member). The intrusion of saltwater into coastal aquifers
is also associated with redox conditions along the
saltwater-freshwater interface. Thus, saline groundwater
samples associated with saltwater intrusion are character-
ized by low SO4

2−/Cl− ratios (Krouse and Mayer 2000).
The behavior of K+ (Fig. 9e) indicates that while the

K+ content of the fresher waters was consistent with the
conservative mixing lines, the saline groundwater sam-
ples had lower potassium values. It seems that ion
exchange processes are very important mechanisms in
determining the ionic content of the coastal groundwater
in this aquifer. In this part, the more saline groundwater
fell below the conservative mixing lines.

Based on Fig. 9f, there is a relatively good correlation
between Mg2+ and Cl−. In this figure, like the Fig. 9e,
the saline groundwater samples are located below the
conservative mixing lines.

In this research, the ionic deltas for Mg2+, Na+, and
Ca2+ as major cations in water samples were plotted
versus chloride concentration (Fig. 10a, b) to recognize
the processes that can change the theoretical content and
to identify the behavior of these cations in groundwater
samples. In the wet season, the majority of samples such
as S30, S36, S4, N43, N1, N2, and S2 are depleted in
Mg2+ and Na+ and relatively enriched in Ca2+. The loss
of Na+ and gain of Ca2+ exhibit a direct cation exchange

generally occurred in situations when the saline/saltwater
is replacing fresh groundwater (Appelo and Postma
2005; Kouzana et al. 2009; Zghibi et al. 2013).
Generally, the depletion of Mg2+ and enrichment of
Ca2+ show a possible exchange reaction between these
two cations. There is the absorption ofMg2+ and a release
of Ca2+ from the clay minerals in the case of salinization
while the reverse occurs in the case of dilution
(desalinization) in some samples. As shown in Fig. 10,
the ionic deltas for Mg2+, Na+, and relatively Ca2+ in the
dry season are more than wet season. Therefore, it can be
expected that the groundwater samples get enriched for
these ions compared to the theoretical mixing.

In Fig. 11, all salinization factors in the coastal
groundwater samples are presented as the saltwater per-
centage. In both wet and dry seasons, sample S33 with
the lowest content of Cl− is considered as representative
of freshwater. The percentage of saltwater in the ground-
water samples is very low, ranging between 0.001 %
(S31) and 0.79 % (S30) in the wet season and 0.0004 %
(N19) and 0.81 % (S30) in the dry season.

The methods discussed in the previous sections are
useful for understanding the dynamics of saltwater en-
croachment. The use of some diagrams such as Piper
diagram does not allow for a precise analysis of the
facies evolution during saline/saltwater encroachment
and freshening phases. Giménez-Forcada (2010) has
recommended the HFE diagram as a useful tool for this
purpose. The position of water samples on the HFE
diagram is presented in Fig. 12.

The freshwaters belong to the Ca-HCO3/SO4 (13),
and saline waters show the Na-Cl facies (4). In both
wet and dry seasons, most of the groundwater sam-
ples followed the succession of facies along the
mixing line (4→7→10→13), which exhibits simple
mixing with little or no intervention of ion exchange
reactions. During the encroachment phase, to the
right and beneath horizontal line 33.3 %, the Ca-Cl
facies (16) can be formed because of increase in
salinity and reverse cation exchange of Na+/Ca2+

(13→14→15→16). In this study, the presence of
two samples (N11, S3) in parts 15 and 16 (in the
wet season) and sample S2 in part 15 (in the dry
season) show that the facies was influenced by re-
verse ion exchange reactions (Na+/Ca2+). This type
of water evolves toward facies that is closer to saline
water (Na-Cl) (4) (16→12→8→4). In the freshening
phase, the direct ion exchange processes occur more
slowly. Under this condition, the water gains Na+
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and releases Ca2+ until Na-HCO3/SO4 facies (1) is
achieved (4→3→2→1). In the Urmia area, locating
some samples (black points) in parts 1 and 2 shows
the overlapping in mixing line between fresh ground-
water and saltwater caused by direct ion exchange
process. In the coastal parts of UA, the facies Na-
HCO3/SO4 (1), Na-MixHCO3/MixSO4 (2), MixNa-
HCO3/SO4 (5), and MixNa-MixHCO3/MixSO4 (6)
are reached in the wet season. In the dry season,
only the facies Na-HCO3/SO4 (1) and Na-MixHCO3/
MixSO4 (2) are reached.

According to Fig. 12 and Table 5 which presents
hydrochemical facies of Urmia groundwater samples
based on the HFE diagram, the most samples that col-
lected repeatedly in both wet and dry seasons showed
the same hydrochemical facies, which indicate that the
seasonal groundwater fluctuations cannot significantly
change the chemical composition of groundwater. In
general, this situation is observed in wells that are far
from the UL (parts 9, 10, 13, and 14 in HFE-D) and have
the MixCa-HCO3, MixCa-MixHCO3, Ca-HCO3, and
Ca-MixHCO3 water facies.

Fig. 10 Changes of ΔMg2+, ΔNa+, and ΔCa2+ versus Cl− of groundwater samples in a wet and b dry seasons

Fig. 11 Percentage of saltwater in groundwater samples relative to salinity of UL
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Fig. 12 HFE diagram for Urmia groundwater samples in a wet
and b dry seasons (N#, S#: samples collected in the northern and
southern parts of the Urmia plain; square symbol: SO4

2− water in

freshening stage; ST39 and S39 are sampled at the same location,
ST39 from the upper unconfined aquifer, and S39 from confined
aquifer)

Table 5 Hydrochemical facies of
groundwater samples based on
HFE diagram in wet and dry
seasons

Period Sample location HFE facies No. of sample Percent

Wet season

(June 2014)

Northern part

(N samples)

Na-HCO3/SO4 6 13.64

Na-MixHCO3/MixSO4 5 11.36

Na-MixCl 1 2.27

Na-Cl 3 6.82

Ca-HCO3/SO4 23 52.27

Ca-MixHCO3/MixSO4 5 11.36

Ca-MixCl 1 2.27

Total 44 100

Southern part

(S samples)

Na-HCO3/SO4 5 12.50

Na-MixHCO3/MixSO4 1 2.50

Na-MixCl 2 5

Na-Cl 1 2.50

Ca-HCO3/SO4 28 70

Ca-MixHCO3/MixSO4 2 5

Ca-Cl 1 2.50

Total 40 100

Dry season

(September 2014)

Northern part

(N samples)

Na-HCO3/SO4 8 28.58

Na-MixHCO3/MixSO4 2 7.14

Na-Cl 2 7.14

Ca-HCO3/SO4 16 57.14

Total 28 100

Southern part

(S samples)

Na-HCO3/SO4 4 13.79

Na-MixHCO3/MixSO4 1 3.45

Na-Cl 2 6.90

Ca-HCO3/SO4 19 65.52

Ca-MixHCO3/MixSO4 2 6.90

Ca-MixCl 1 3.45

Total 29 100

Environ Monit Assess (2016) 188: 233 Page 19 of 23 233



Results of Table 5 show that about 52.27 and
57.14 % of samples collected from the northern
part of UA have Ca-HCO3/SO4 facies for wet and
dry seasons, respectively. In addition, 70 and
65.52 % of groundwater samples of southern part
show the Ca-HCO3/SO4 facies for wet and dry
seasons, respectively.

Conclusion

We studied the potential salinity originated from UL
in the Urmia coastal aquifer using a combination of
hydrogeological and hydrochemical measurements.
The relationship between the concentrations of some
major ions and Cl− is relatively consistent with
conservative mixing line, and just some samples
showed the salty composition related with UL. The
behaviors of Ca2+ and Na+ show the involvement of
ionic exchange between the saline water and solid
fraction of the aquifer (water-rock interaction). This
interpretation was largely confirmed by applying the
HFE diagram, which further helped to characterize
the process of saltwater intrusion, as well as eluci-
dating the evolution and dynamics of the saline front
(saltwater intrusion or freshening phases) within the
aquifer. The plots of water samples on HFE-D indi-
cate that 52.27 and 57.14 % of groundwater samples
collected from the northern part of UA in wet and
dry seasons, respectively, have Ca-HCO3/SO4 facies.
In addition, 70 and 65.52 % of groundwater samples
of southern part show the Ca-HCO3/SO4 facies for
these seasons. The hydrochemical evidence indicates
that except for a few wells near the coast, there is a
little hydraulic interaction between UA and UL.
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