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Abstract Measurements of major ions, trace elements, water-
stable isotopes, and geophysical soundings were made to ex-
amine the interaction between Urmia Aquifer (UA) and Urmia
Lake (UL), northwest Iran. The poor correlation between sam-
pling depth and CI™ concentrations indicated that the position
of freshwater-saltwater interface is not uniformly distributed
in the study area, and this was attributed to aquifer heteroge-
neities. The targeted coastal wells showed B/Cl and Br/Cl
molar ratios in the range of 0.0022-2.43 and 0.00032-0.28,
respectively. The base-exchange index (BEI) and saturation
index (SI) calculations showed that the salinization process
followed by cation-exchange reactions mainly controls chang-
es in the chemical composition of groundwater. All ground-
water samples are depleted with respect to 5'%0 (—11.71 to
—9.4%0) and 8D (—66.26 to —48.41 %o). The 5'%0 and &D
isotope ratios for surface and groundwater had a similar range
and showed high deuterium excess (d-excess) (21.11 to
31.16 %o). The high d-excess in water samples is because of
incoming vapors from the UL mixed with an evaporated mois-
ture flux from the Urmia mainland and incoming vapors from
the west (i.e., Mediterranean Sea). Some saline samples with
low B/Cl and Br/Cl ratios had depleted 5'%0 and 6D. In this
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case, due to freshwater flushing, the drilled wells in the coastal
playas and salty sediments could have more depleted isotopes,
more CI, and consequently smaller B/CI and Br/Cl ratios.
Moreover, the results of hydrochemical facies evolution
(HFE) diagram showed that because of the existence fine-
grained sediments saturated with high density saltwater in
the coastal areas that act as a natural barrier, increasing the
groundwater exploitation leads to movement of freshwaters
from recharge zones in the western mountains not saltwater
from UL. The highly permeable sediments at the junction of
the rivers to the lake are characterized by low hydraulic gra-
dient and high hydraulic conductivity. These properties en-
hance the salinization of groundwater observed in the study
area. The main factors influencing the salinity are base-
exchange reactions, invasion of highly diluted saltwater, dis-
solution of salty pans, and water chemistry evolution along
flow paths.

Keywords B/Cl - Br/Cl - Stable isotopes -
Freshwater-saltwater interface - Urmia Aquifer

Introduction

The management of fresh groundwater resources is an increas-
ingly important imperative for the custodians of natural re-
sources. Freshwater stored in coastal aquifers is particularly
vulnerable to degradation due to its nearness to salt water, in
combination with the intensive water demands that accompa-
ny higher population densities of coastal zones. Future exploi-
tation of groundwater in the Middle East, for example, and in
many other water-scarce regions in the world depends largely
on the degree and rate of salinization (Vengosh and Rosenthal
1994; Vengosh et al. 2001; Ranjan et al. 2006; Sowers et al.
2011; Madani 2014). Salinization is a global environmental
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phenomenon that affects diverse aspects of our lives: changing
the chemical composition of natural water resources,
degrading the quality of water supplied to domestic and agri-
culture sectors, affecting ecological systems by loss of fertile
soil, resulting in collapse of agricultural and fishery industries,
changing local climatic conditions, and creating severe health
problems (Jackson et al. 2001; Williams 2001a,b; Dregne
2002; Williams et al. 2002; Rengasamy 2006).

The most relevant salt sources/processes recognized world-
wide are: evaporation, evaporite leaching, mobilization of
salts stored in the unsaturated zone, infiltration of non-
marine-polluted surface waters, slow-moving saline/salt wa-
ters of marine, lake, and lagoon origin (Darling et al. 1997;
Barbecot et al. 2000), highly mineralized waters from hydro-
thermal igneous activities (Fidelibus et al. 2011), sea spray,
membrane effects (salt filtering, hyper-filtration, or reverse
osmosis), agricultural practices (return flow, use of fertilizers
and irrigation with treated wastewater), cycling wetting, and
drying.

The salinity problem is only the “tip of the iceberg” as
high levels of sodium and chloride can be associated with
high concentrations of other inorganic contaminants such
as sulfate, boron, fluoride, and bio-accumulated elements
such as selenium and arsenic. The salinization process
may also enhance the mobilization of toxic trace elements
in soils due to competition of ions for adsorption sites and
formation of metal-chloride complexes (Backstrom et al.
2003, 2004) and oxyanion complexes (Amrhein et al.
1998; Goldberg et al. 2008). Thus, the chemical evolution
of the major dissolved constituents in a solution will de-
termine the reactivity of trace elements with the host
aquifer/streambed solids and, consequently, their concen-
trations in water resources.

Increasing demands for water have created tremendous
pressures on water resources as overexploitation that have
resulted in the lowering of groundwater levels (causing lateral
saline/saltwater intrusion and/or upconing) and consequently
increasing salinization. In many aquifers in Iran, for example,
salinity is the main factor that limits water utilization, and
future prospects for water use are complicated by increasing
salinization (Jalali 2007; Samani and Asghari Moghaddam
2015; Amiri et al. 2015).

Understanding the hydrologic connection among
groundwater systems is critical for developing sustainable
groundwater-management strategies. When hydrogeologic
data is insufficient to determine the degree of interaction
between surface and groundwater systems (for example in
this study between UA and UL), hydrogeochemical indi-
cators (Wahi et al. 2008; Manning 2009; Musgrove et al.
2010; Gardner and Kirby 2011), water-stable isotopes
(Gaye 2001; Trabelsi et al. 2012; Mongelli et al. 2013;
Skrzypek et al. 2013; Sprenger et al. 2015), and geophys-
ical surveys (Wilson et al. 2006; Morrow et al. 2010;

Kouzana et al. 2010; Zarroca et al. 2011; Asfahani and
Abou Zakhem 2013) can be used to assess the connection.

The present study has been carried out within the Urmia
Aquifer (UA), next to the Urmia Lake (UL). This lake, one of
the largest hypersaline lakes of the world, is located in north-
west of Iran. It is a natural asset with considerable ecological,
environmental, and cultural values. UL is a National Park and
has been recognized by UNESCO as a Biosphere Reserve. For
the last decade, UL has been in a critical condition because of
declining water levels and increasing salinity (Ministry of
Energy of Iran 2010). There is considerable evidence that
groundwater resources are already being exploited at rates
faster than aquifer recharge in the area of the UL watershed
(Wada et al. 2010; Zarghami 2011).

This study attempts to describe: (a) processes and degree of
the saltwater encroachment, (b) mechanisms in terms of sali-
nization or freshening, and (c) other possible factors that may
have impact in the salinity of the UA. Major ions chemistry in
groundwater are of incomplete value to determine the three
subjects mentioned above, but still are worthwhile in ascer-
taining parameters for saltwater encroachment because they
can be readily obtained by routine groundwater analyses. In
addition to the major ions, like some new studies, we used the
minor elements (e.g., bromide and boron) to define source(s),
mixing rates, and salinization mechanisms in the Urmia
groundwater resources. These constituents are used as makers
for the source of salinity and salinization processes in the UA.
Water-stable isotopes (5'*0 and §D) also are used for associ-
ate evidence of mentioned processes. In this study, a geophys-
ical survey based on the Vertical Electrical Sounding (VES)
Schlumberger configuration was carried out in the coastal
parts of the UA to improve the knowledge of the aquifer, to
detect the potential salinity at the UL ward boundary of aqui-
fer, and to determine the character and dynamics of the saline
interface. Finally, the salinization cross-sections in normal di-
rections to the coastline are presented to determine the salini-
zation conditions in this aquifer.

Materials and methods
Study area

Our study area is in the northwest of Iran. This region is
located between the eastern longitude of 44°, 20" and 45°,
20" and northern latitude of 37°, 05" and 38°, 05’ (Fig. 1).
This region with approximately 4268 km? in area has the
altitude in range of 1280 and 3608 above mean sea level.
Groundwater resources in UA are very important sources of
water. The UA has a large storage capacity, regulating the
inflow and outflow from a significant drainage area. The
thickness of UA varies from a few meters to near 170 and
130 m in northern and southern parts of aquifer, respectively.
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Fig. 1 Location of the different selected sampling sites in the UA. The
dramatic reduction in water level and area of UL between July 1998 and
June 2014 is displayed (Satellite images: Kaveh Madani). Red and black

The groundwater flow direction is from west to east (UL).
Hydrological investigations have shown that this aquifer
spreads under an area of approximately 868 km?® and consists
of confined and unconfined aquifers (Badv and Deriszadeh
2005). The major sources for recharging the UA are four pe-
rennial rivers, including Nazlou-chai, Rowzeh-chai, Shahr-
chai, and Barandouz-chai, which are flowing in the plain.
These rivers originate from the western mountains and end
in UL. The mean input to the aquifer from these rivers and
return flows from irrigated lands is about 290 million cubic
meters (MCM) per year. In addition, infiltration from precip-
itation is near 37.7 MCM per year. In this area, the irrigation is
mainly from groundwater sources (Mohammadi 2012).

The oldest rock units of the Pre-Cambrian are formed by
meta volcanic series, acidic tuff, and diorite in the surrounding
mountains of UA, as well as metamorphous amphibolites and
gneiss. In this area, the Ophiolite units consist of basic and
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points are the groundwater samples collected in June 2014 and September
2014, respectively. The water sampling in May 2015 for isotopic and
hydrochemical analysis is done in this sampling network

ultra-basic rocks with schist and radiolarite limestone. Tertiary
rocks in this plain are represented by limestone, conglomerate,
sandstone, and shale (Kamei et al. 1973).

This area is in a Mediterranean pluvial seasonal-continental
climate, as stated by the Global Bioclimatic Classification
System (Martinez et al. 1999). During the recent 30-year pe-
riod, mean annual temperature and precipitation in the area are
11.52 °C and 346.3 mm, respectively, while mean maximum
and minimum temperatures occur in July (31.2 °C) and
January (=6.1 °C), respectively (NOAA 2012; WMO 2014).

The UA is located in the east of UL. In this lake, salinity
has been increasing over the recent years (from 166 g/lin 1995
to over 412 g/l in 2015) due to reduction in precipitation, the
overexploitation of water for agricultural purposes, and the
construction of dams to supply potable water to the residential
sector (Khatami 2013). In the past 20 years, UL’s water level
has dropped by more than 7.84 m, and it was about 1270.07 m
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above mean sea level in October 2015. The water fluctuation
for the past 38 years and a picture from present state of UL is
represented in Fig. 2.

Water sampling and analyses

To assess the present state of UA, water samples were collect-
ed during three sampling periods (June 2014, September
2014, and May 2015). In this study, 84, 57, and 42 wells
regularly distributed over the coastal area were considered to
sampling in June 2014, September 2014, and May 2015, re-
spectively. Most of the wells are used for irrigation and indus-
trial and, in some cases, for drinking purposes. Water samples
were collected from shallow and deep boreholes and hand dug
wells ranging in depth from 10 to 120 m using standard sam-
pling procedures (APHA 1985; ISO 5667-11 1993). Sampling
points always coincide in the three periods, and there was a
homogeneous distribution of water samples over the aquifer.
Water samples were collected from pumping wells after min-
imum of several hours of pumping prior to sampling in order
to remove any standing water from the wells. At each sam-
pling point, samples were stored in two 250-ml polyethylene
bottles after being filtered through 0.45-pm membrane filters
and were divided into two groups: (1) filtered non-acidified
for anion analysis and (2) filtered acidified (with a few drops
of Suprapur® nitric acid (HNO;, 65 % v/v; Merck, Germany))
for cation analysis. At each sampling point, Eh, pH, T, salinity,
dissolved oxygen (DO), and electrical conductivity (EC) pa-
rameters were measured in the field using a HACH
Multimeter device (HACH, Germany). The collected samples
were kept in an ice box and then transferred to a fridge where
they were stored at 4 C until delivery to the laboratory for
analyses. The concentrations of chemical parameters in water
samples were analyzed by Zarazma Mineral Studies Company
(ZMSC) Ltd. in Tehran, Iran, utilizing inductively coupled
plasma-mass spectrometry (ICP-MS) (Model-Quadrupole,
High Performance, 4500) for Ca**, Mg®*, Na*, K" cations
and B, ion chromatography for Br  (method ref. APHA
4110B), discrete analyzer in water by Aquakem DA for

Water level (m)

1271

1270
1977 1980 1983 1986 1989 1992 1995 1998 2001 2004 2007 2010 2013

Year

SO,*” and CI™ anions (method ref. APHA 4500), and
HCO;  alkalinity by acid titration (method ref. APHA
2320). Calibration of ICP-MS was performed using NIST
1640 (National Institute of Standards and Technology,
USA). Also, in this study, 47 water samples (42 samples from
coastal groundwater, 3 samples from perennial rivers, and 2
samples from northern and southern parts of UL) were ana-
lyzed for stable isotope composition (5'%0 and 5D). The sta-
ble hydrogen and oxygen isotope compositions of water sam-
ples were determined utilizing a Los Gatos Research (LGR)
Liquid Water Isotope Analyzer (OA-ICOS T-LWIA) at the
Environmental Isotopes Laboratory, University of Waterloo,
Canada. Standards used are the Vienna Standard Mean Ocean
Water (VSMOW) (Gonfiantini 1978). Analytical uncertainties
are 0.22 %o for 5'*0 and 0.63 %o for 5D.

Results and discussion
Geophysical assessment of coastal areas

A careful analysis of the literature indicates that the continuity
of the assemblage of aquifer units from the onshore areas to
inner areas is almost unknown. In this study, we attempted to
determine the subsurface sedimentary/rock units, especially in
the coastal area of the aquifer, based on data collected from
geological formations, previous studies, and field observa-
tions. In the present research, VES data collection was direct-
ed in one survey which took place at the start of intensive
exploitation of the UA during summer 2014. Change in elec-
trical resistance was attributed to various lithological units in
the Urmia area (Table 1).

The variation from freshwater to saline/saltwater can be
easily determined by using electrical resistivity techniques
(Wilson et al. 2006; Koukadaki et al. 2007; Duque et al.
2008). In this study, four N-S geoelectric cross-sections at
the east of UA (i.e., next to UL) are considered to evaluate
the potential impacts on groundwater resources from UL

(Fig. 3).

Fig. 2 Changes in water level of UL, 1977 to 2014 (lef?), and the present state of water level in the Lake (right)

@ Springer



16742

Environ Sci Pollut Res (2016) 23:16738-16760

Table 1

Variations of electrical resistivity for different lithological units in the Urmia area

Lithology

Bulk electrical resistivity,
p (€2 m) (for sounding points)

Electrical resistivity,
p (€2 m) (for cross-sections)

Clay with salt sediment/water content
Clay with some sand

Medium sand

Coarse sand

Coarse sand with gravel

Bedrock Electrical conductive
Marl, sandstone, etc.

Electrical resistant (e.g., volcanic rocks)

<5 <5-10
5-20 10-20
20-30 20-30
30-60 30-100
>60 >100
<5 <10
10-20 10-30
>30 >30

The geoelectric sections for northern and southern parts of
UA are presented in Fig. 4. As shown, high resistivity values

were recorded at the north end of the area (see Fig. 4a). These
can be attributed to the presence of high resistivity formations

Fig. 3 The VES and profiles 486000 492000 498000 504000 510000 516000 522000 528000
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Fig. 4 The geoelectric sections, of North-South direction, for a, b
northern and ¢, d southern parts of UA. These sections display the
subsurface structures of UA in the possible closest distance from the

UL. In this figure, a and b are NP1 and NP2 and ¢ and d are SP1 and
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corresponding to coarse-grained sediments originated from
volcanic and metamorphic rocks. Also, sediments saturated
by freshwater show the high values of resistivity.
Additionally, unsaturated surficial sediments and present and
old flowing paths of rivers associated with the deposition of
coarse-grained particles have high resistivity values (6 N, 7N,
16 N, 17 N in NP1 and 8S, 11S-13S, 15S in SP1). Low resis-
tivity values occur mainly in the southern half of the coastal
strip area (between sounding points 1S to 5S, 9S and 10S, 21S
and 22S). Therefore, it may indicate the existence of sedi-
ments (regardless of the grain size) with high salt content (as
dissolved or deposited) (see Fig. 4b). Generally, in the coastal
areas, sands saturated with brackish water and fine sediments
rich in salts (saturated or unsaturated) present an analogous
geoelectrical behavior, characterized by low bulk resistivity
(Zarroca et al. 2011).

I S S S S S S S B S B S S S S e e e
10000 11000 12000 13000 14000 15000 16000 17000 18000 19000

1 m
20000

SP2, respectively. The average direct distance between NP1 and NP2 and
SP1 and SP2 is 1700 and 2000 m, respectively. Red line is the boundary
between alluvium and bedrock, blue line is the possible fault or contact,
and gray line is the boundary between different alluvial layers

As shown in Fig. 4a, the lowest resistivity values (10—
15 © m) in saturated porous medium of northern part are
recorded in depth 100-150, 50, and 50—-100 m below land
surface at the sounding points 15 N and 13 N, 23 N, respec-
tively, which suggests the fine- and medium-grained (e.g.,
clay and sand) sedimentary lens. The resistivity decreased to
the southern part, suggesting higher salinity and/or more fine-
grained sediments than in the northern part. It should be noted
that low resistivity values in the surficial sediments (low
depths) are because of salty pans in the near shore areas.

Assessment of inland profiles, NP2 and SP2, indicates that
sedimentary basin is laterally uniform, and there is no sharp
variation in sediment types. As displayed in Fig. 4, the resis-
tivity values of surficial sediments increase with increasing
distance from the UL. In addition to salty pans in the coastal
areas, the groundwater level in coastal wells is higher than
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inland wells (an unsaturated zone with low thickness); there-
fore, the capillary effect can raise the groundwater in the fine-
grained sediments (unsaturated area) and more decreases the
resistivity than inland sediments.

As shown in Fig. 4d, a low resistivity anomaly is observed
in the central sector of the profile (between sounding points
328-36S). Low resistivity occurs in the intermediate unit (<3—
5 Q2 m), indicating that these sediments should be saturated in
salt or brackish water, given the typical resistivity value for
saltwater (0.2-0.3 Q2 m). In this area, field observations and
measured hydrochemical parameters in extraction wells
showed that the groundwater samples have EC values be-
tween 400 and 1500 pS/cm. Very low resistivity values are
because of very fine-grained particles in the area. Results
shows that UA has low permeability in this area. In addition,
groundwater will overflow (i.e., artesian) by increasing the
depth of wells to more than 100 m below the land surface.
The surrounding units offer resistivity values significantly
higher (2050 2 m). These sediments encompass lower fluid
salinity, corresponding to fresh or slightly brackish water.
Furthermore, their bulk resistivity decreases smoothly towards
the coastline to values below 20 2 m. Given these contradic-
tions, detailed geophysical studies should be conducted to
determine the precise limits of this area.

In addition to the cross-sections parallel to the coastline
described above, we tried to assess the possible impact of
UL on groundwater resources by examining of resistivity
changes in depth for some profiles perpendicular to the coast-
line. Agricultural development and some constructions in the
study area constrained the location of some VES, and thus, the
sounding points could not be located in the exact same posi-
tion of pumping wells. However, 16 sounding points were
used with an acceptable degree of concordance with nearest
extraction wells in order to assess the salinization issue (see
Fig. 4 and Table 2). These points were selected based on their
most variations in chemical composition and electrical resis-
tivity during the sampling and study processes (June 2014 to
May 2015).

As presented in Table 2, six resistivity profiles are consid-
ered in this area. Each profile is composed of 2-3 sounding
points (i.e., A, B, C). In these profiles, point A is located at the
nearest distance to the UL and point C at the inland areas.
Locations of profiles are shown in Fig. 3. The corresponding
extraction wells for these sounding points are presented in
Table 2. Some parameters such as well depth, Cl concentra-
tion, salinity, EC, and pH are also measured.

The resistivity and EC patterns in the northern and
southern parts of UA shown in Fig. 5 are different. The
patterns in the southern part are remarkably similar.
Most profiles in the northern part show a resistivity
increase in low depths (unsaturated soils) and then
smooth reduction in more depths. In contrast, the pro-
files in the southern part show a decrease in resistivity
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for surficial layers and then an increase in greater
depths.

Profile PN1 (A-C) is located at the north of area. As shown
in Fig. 5a, resistivity values in PN1-A (near shoreline) are
lower than inland sounding points (PN1-B and PN1-C). The
slow increase in electrical resistivity is because of the unsatu-
rated surficial sediments. The critical depth to reduce the re-
sistivity in different points is between 8 and 40 m below land
surface. In this study, a simplified equation is used to convert
bulk resistivity (in 2 m) to electrical conductivity (EC, in uS/
cm). The real values of EC and other hydrochemical parame-
ters for three wells (N4, N8, and N13) at the sounding loca-
tions are presented in Table 2. Given the high values of CI”
and EC in the UL saltwater, chloride concentrations greater
than 150 and 1000 mg/l were considered as an evidence for
fresh brackish and brackish-salt water mixing with freshwater
in the aquifer and indicate the presence of the saltwater inter-
face (i.e., diluted saltwater). Resistivity data for point PN1-A
show a decrease in depth 40 m below land surface. Nearby
well N4 with depth 45 m had a chloride concentration of about
145 mg/l in September 2014. The results clearly indicate that
the estimated EC values (Fig. 5g) using mentioned relation are
lower than real measurements. It is due to saturated fine sed-
iments in this area and ignoring other effective factors (e.g.,
groundwater resistivity, formation factor, and temperature cor-
rection of groundwater resistivity) in the relation.

Profile PN2-(A-C) (Fig. 5b, h) is located in the flowing
direction of Nazlou-chai river. Therefore, it is expected that
this area be covered with high resistivity sediments. This area
particularly at the coastline (for instance in PN2-A) is prone to
saltwater intrusion because of the decline in groundwater lev-
el, reduction of river discharge, and increase in UL level. The
results show that measured EC values in three production
wells nearby the sounding points increased from inland (well
N25; EC=810 uS/cm, CI =31 mg/l) to the shoreline (well
N17; EC=5600 puS/cm, CI' =750 mg/l) areas. Figure 5h in-
dicates that estimated EC value in PN2-A decreases with in-
creasing depth. Given the depth of well N17 (i.e., 17 m), it can
be concluded that salinity of this well is not due to the direct
influence of UL and the main reason for this phenomenon is
the dissolution of salt pans. Resistivity patterns and estimated
EC values for profile PN3-(A-C) (Fig. 5c, 1) are similar to
profile PN2-(A-C). The highest values of EC and Cl in this
profile are observed in well N34 (EC=2320 uS/cm,
CI =385 mg/l). In this profile, there is no evidence for salt-
water intrusion in more depths.

In some areas of southern part (e.g., central areas), shallow
groundwaters (depth<40 m) generally have more EC than
deep groundwaters (depth>60 m). In other words, with in-
creasing depth and passing through a discontinues saturated
and relatively compacted clayey layer, low EC groundwater
flows out on to the ground surface (i.e., artesian system).
Therefore, we can consider UA, particularly at the central
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Table 2 Summary of
geoelectrical points at the nearest Profile Part VES Sampling Well cr Salinity EC (uS/ pH
groundwater sampling wells in D point well depth  (mg/l) (%o) cm)
the UA. Data are collected in
September 2014 PN1 A 7N N4 45 145 0.71 1430 7.08
B 47N N8 40 40 0.72 1444 743
C 87 N N13 35 55 0.83 1670 7.01
PN2 A 14N N17 17 750 2.8 5600 7.60
B 34N N20 12 55 0.84 1750 7.28
C 68 N N25 60 31 04 810 7.52
PN3 A 20N N34 50 385 1.16 2320 8.77
B 38N N33 16 33 0.34 750 7.50
C 55N N32 18 20 0.41 818 7.33
PS1 A 8S S14 68 335 0.25 503 7.85
B 508 S13 50 14 0.38 765 7.33
PS2 A 17S S30 10 2061.4 3.6 7180 7.21
B 408 S29 30 45 0.65 1305 7.35
C 58S S28 120 11 0.25 510 7.72
PS3 A 218 S39 86 170 0.68 1370 7.87
B 62S S38 100 30 0.52 1045 7.48

and near shore areas of southern part, as a convertible
unconfined/confined system. This phenomenon could also
be observed in some areas close to the coast of the northern
part. In the southern part, the mentioned system is observed
particularly at the central and southern areas. The present con-
ditions could be explained with reference to the presence of
fine-grained sediments of lake in the deep coastal areas, the
impossibility of groundwater flow beneath the UL due to
high-density brines, and thus hydrostatic pressure increase
within the aquifer. The highest values of EC and CI" in the
southern part (EC=7180 uS/cm, CI =2061.4 mg/l) have
been recorded in well S30, corresponding to sounding point
17S (PS2-B) (Fig. 5e, k). Well S39 near sounding point 21S in
profile PS3 (PS3-A) is artesian. This well showed
EC=1370 uS/cm and CI' =170 mg/l in September 2014 (dur-
ing geoelectrical study). The field observations revealed that
the shallow groundwater in this point is saline (EC =2990 uS/
cm, CI' =498.7 mg/l). Therefore, our findings in this regard
indicate that the salinity in shallow and deep groundwaters is
not due to direct intrusion of UL saltwater.

General water characteristics

In three wet and dry seasons, the groundwater samples had
average temperatures during sampling of around 15.7 to
20 °C, reflecting that they are higher than the average yearly
temperature of the study area. In the wet seasons (June 2014
and May 2015), the pH values change from 6.95 to 8.27 and
Eh values from —106.28 to 4.84 mV. In the dry season
(September 2014), pH and Eh values range between 6.98 to
8.92 and —88 to 0.6 mV, respectively. In the wet seasons, EC
varied considerably from 355 to 5853 uS/cm and in the dry

season changes from 428 to 7180 uS/cm. Figure 6 presents
the EC values of the groundwater samples in June 2014 and
September 2014. In UL; the average values of EC range be-
tween 130.8 and 189.94 mS/cm for wet and dry seasons, re-
spectively. During this period, the pH values change from 6.35
to 6.60.

UL saltwater intrusion

In an attempt to delineate the sources and mechanisms of
groundwater salinization in a under risk coastal aquifer, one
can define two types of geochemical tracers (T1, T2) that are
capable of delineating the three principal saline sources:

Conservative elements ratios

T1 type tracers include some ion ratios, particularly the ratios
of conservative elements such as Br/Cl and B/CI. These
tracers are used to identify the dissolution of salts and mixing
with external groundwaters. These tracers cannot be used to
identify evaporation process in the aquatic environment
(Vengosh 2014). Based on the previous studies, there are dif-
ferent sources of bromide, boron, and chloride in water sam-
ples and, consequently, various B/Cl and Br/Cl ratios
(Table 3).

Fig. 5 a—f Measurements of bulk electrical resistivity (in Q m) as a P>
function of depth, and g-1 changes of estimated EC (= (1/p) x 10,000)
based on collected VES data along 6 profiles (including 16 sounding
point) in the northern and southern parts of aquifer. PN (or PS)-A (red
lines) is the nearest point and PN (or PS)-C (blue lines) is the farthest to
the UL. Left Y-axis represents the half of current inter-electrode spacing
(AB/2 or AO) at normal scale
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Fig. 6 The EC values of groundwater samples in July 2014 (/eff) and September 2014 (right)

Boron is typically adsorbed during sea/saltwater in-
trusion (Jones et al. 1999). Boron tends to be adsorbed
onto clay minerals and oxides, particularly under high
salinity conditions. Consequently, saline groundwater as-
sociated with sea/saltwater intrusion is characterized by
low B/CI ratio relative to those of saline water body
(Vengosh et al. 1994; Vengosh 1998; Vengosh et al.
1999a, b; Vengosh 2014).

Desorption is promoted by a decrease in ionic
strength (Goldberg et al. 1993), so it would accompany
the displacement of saline/saltwater from an aquifer by
freshwater. The water chemistry data for three wet and
dry periods show that, in areas affected by freshwater
flushing, the concentration of B in the wet seasons is
greater than it in the dry season (see the distribution of
samples in Fig. 7). The concentration of B in June
2014, September 2014, and May 2015 changed between
0.3-64, 0.8-25.6, and 0.3-6.2 ppm, respectively. Note
that the lower concentration of B in May 2015 is be-
cause of the small number of samples in this period. In
other words, some freshwaters with possible high B
contents were not sampled.

As shown in Fig. 7, high-boron contents have been
detected, not only near the shoreline, where probably
UL saltwater intrusion occurs, but also in the inland
part of the aquifer. In addition, in the collected samples
from UL, B/CI ratios in the wet seasons are higher
than the dry season (Fig. 7). The mean values of boron
in UL in June 2014 and May 2015 are 420 and
1020 mg/l, respectively, while for the dry season it is
equal to 46.1 mg/l. Therefore, by considering the sig-
nificant decrease in B concentration and increase of
Cl" in UL in the dry season, it can be concluded that
by ending the precipitation and decreasing surface and
possibly groundwater inflows to the UL which result in
its salinity increase, the main cause for boron decrease
is probably adsorption by clay minerals in the area.
The intrusion of saline/saltwater into coastal aquifers
is also associated with redox conditions along the
saltwater-freshwater interface. In addition, saline
groundwater associated with saline/saltwater intrusion
is characterized by low SO,? /Cl™ ratios (<0.05)
(Krouse and Mayer 2000). The assessment of ground-
water chemistry in the coastal area of UA indicates that
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Table 3 Ranges of B/Cl and Br/Cl ratios for selected sources of Cl, B, and Br in groundwater

Source B (mg/l) Br(mg/l) Cl(mg/l) B/Cl1 Br/Cl Reference
Mass ratio ~ Molarratio ~ Mass ratio ~ Molar ratio
(x107) (x107) (x107) (x107)
Sea/salt water intrusion
Djeffara aquifer, Tunisia - 84 22,160 - - 397 1.68 Trabelsi et al. (2012)
Coastal aquifer, Israel 0.95 213 6304 0.15 0.49 3.38 1.5 Vengosh et al. (1994)
Salinas Valley, California ~ 0.24 5.4 1670 0.15 0.48 3.23 1.44 Vengosh et al. (2002)
Urmia Aquifer, Iran 0.03-64  0.1-9.65 6.1-2061.4 0.66-740.74 2.16-2429.16 0.72-723.46 0.32-276.62 Present study
Saline lakes
Salton Sea 12 13 17,000 0.71 231 0.76 0.34 Schroeder and Rivera
(1993)
Dead Sea 59.69 4500 224,200 0.24 0.8 20.07 8.91 Starinsky (1974)
Great Salt Lake 13.32 50.9 147,000 0.09 0.29 0.34 0.15 Jones et al. (2009), Jones
and Deocampo (2003)
Urmia Lake, Iran 46.1-1020 5.94-9.52 160,964-252687.2 0.18-6.34  0.60-20.78  0.036-0.038 0.016-0.017 Present study
Saline plumes and upcoming of brines
Michigan basin brines, - 315-4210 75,800-251,000  — - 4.15-16.77 1.84-7.45 Wilson and Long (1993)
USA
Coastal aquifer, Israel 0.50 35 1125 0.45 1.48 3.11 1.38 Vengosh et al. (1999a, b)
(Beer Toviyya)
Ogallala aquifer, Texas - 6.2 36,120 - - 0.17 0.08 Mehta et al. (2000a, b)
Dammam aquifer, Kuwait 1.5 - 1241 1.21 3.96 - - Al-Ruwaih (1995)
Jordan Vally, Jericho, - 83 4950 - - 16.77 7.44 Marie and Vengosh
Cenomanian aquifer (2001)
Agricultural drainage
Mendota, San Joaquin - 34 1210 - - 2.81 1.25 Kharaka et al. (1996)
Valley, California
Imperial Valley, California 1.7 23 2600 0.65 2.14 0.88 0.39 Schroeder and Rivera
(1993)
Volcanic contribution of halides
- - - 500-1000 - - 2.05-3.01  091-1.33  Alcala and Custodio
(2008)
Sewage or septic tank effluent
Septic tank effluent-median — 0.05 35 - - 14 6.4 Katz et al. (2010)
of 9 samples
Dan Reclamation 0.5 0.4 361 1.39 4.54 1.11 0.49 Vengosh and Keren
Project, Israel (1996)
Orleans, CapeCod, 0.2 - 950 0.21 0.69 - - De Simone et al. (1997)
Massachusetts

almost all the samples have higher SO,>/Cl™ ratios
than the reported value by Krouse and Mayer (2000)
(<0.05) and UL (0.018, 0.22, and 0.44 in June 2014,
September 2014, and May 2015, respectively). The av-
erage values of SO4” /CI™ ratio in groundwater samples
are 3.02, 2.31, and 2.32 in June 2014, September 2014,
and May 2015, respectively.

Saline Na—HCO; water is often associated with high
boron contents and B/CI ratios (i.e., greater than seawa-
ter) as demonstrated in southern Mediterranean coastal
aquifers (Vengosh et al. 2005), the Saloum delta aquifer
of Senegal (Faye et al. 2005), sandstone and shale

@ Springer

aquifers in Michigan (Ravenscroft and McArthur,
2004), the delta aquifer of the Bengal Basin in southern
Bangladesh (Ravenscroft and McArthur 2004; Halim
et al. 2010), and the coastal aquifer of North Carolina
(Vinson 2011).

The partial enrichment of boron relative to the expected
conservative mixing between saline/saltwater and freshwater
suggests that boron is mobilized from the adsorption sites (see
Fig. 7). One possible explanation for the relative boron enrich-
ment is that the equilibrium between adsorbed and dissolved
boron is re-equilibrated during freshening processes resulting
in desorption of boron. As shown in Fig. 7, some areas of UA
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Fig. 7 Plot of B/Cl vs. Br/Cl 10
ratios in collected groundwater
samples in the UA for three
periods. Also shown are the B/Cl
vs. Br/Cl ratios in sewage effluent
(Vengosh and Keren 1996),
seawater (Vengosh et al. 1994;

S
Vengosh et al. 2002), saline lakes 74
including Salton Sea (Schroeder Lj
and Rivera 1993), Dead Sea E o N43
(Starinsky 1974), and Great Salt € oo | mu
Lake (Jones and Deocampo 2003; sewage @ 5 )
Jones et al. 2009) [} o 536 °
Salton Sea
0.001 = :
= A Seawater intrusion Dead Sea @ June 2014
Urmia Lake (UL)

0.0001
0.00001

Great Salt Lake A September 2014

©May 2015

0.0001 0.001 0.01 0.1 1
Br/Cl molar ratio

show evidence of saltwater intrusion (low Na/Cl and B/CI
ratios) while others show evidence of freshening (high Na/Cl
and B/Cl ratios). The relatively strong correlation (R*=0.74)
between Na/Cl and B/Cl ratios for the dry season (September
2014) that characterizes many of the saline Na—HCO; type
groundwaters proposes that the influx of low-saline, Ca**-
rich, and low B concentration waters to the saline sites triggers
the B mobilization to the water which leads to increase in B
concentration. In contrast, for the wet seasons (June 2014 and
May 2015), there are weak correlations (R*=0.26 and
R?=0.25, respectively) between Na/Cl and B/Cl ratios, which
indicates that the boron mobilization is more limited in the wet
seasons.

As a result, boron is enriched in desalted water with obvi-
ously high B/CI ratios (Prats et al. 2000; Sagiv and Semiat
2004; Parks and Edwards 2005; Geffen et al. 2006; Hyung
and Kim, 2006; Georghiou and Pashafidis 2007; Cengeloglu
et al. 2008; Kloppmann et al. 2008; Ozturk et al. 2008; Mane
etal. 2009; Tuetal. 2011; Vinson 2011). The B/CI of desalted
water can reach 0.4 (Kloppmann et al. 2008). In this study,
B/Cl ratio in Urmia groundwater samples reach as high as 0.3,
compared to 18 x 107 in saltwater of UL, a 1666-fold
enrichment.

The most common tracers that have been extensively
used for delineating salinity sources are halogen ratios,
due to the basic assumption that halogens behave con-
servatively in aquifer systems. In particular, the bromide
to chloride ratio has been used extensively to delineate
salinization processes (Cartwright et al. 2004; Panno
et al. 2006; Leybourne and Goodfellow 2007; Freeman
2007; Mandilaras et al. 2008; Cartwright et al. 2009;
Katz et al. 2011; Warner et al. 2012). The nature and
mechanism by which the saline waters originated (e.g.,
evaporation of sea/saltwater beyond halite saturation,
dissolution of halite, domestic wastewater) will control

the Br/Cl ratios of the brine and consequently the bro-
mide content of the salinized water.

While some salinity sources have distinctive low Br/ClI
ratios (e.g., wastewater, deicing, evaporite dissolution) rela-
tive to other sources with high Br/Cl ratios (e.g., brines
evolved from evaporated seawater, animal waste, coal ash),
possible overlaps may occur. Furthermore, bromide may not
always behave as a conservative tracer, as laboratory-
controlled adsorption experiments have shown some bromide
retention at pH<7 can lead to modification of Br/Cl ratios
during water transport in clay-rich systems (Goldberg and
Kabengi 2010). According to the measured pH of groundwa-
ter samples in UA, 16 samples in June 2014, 1 sample in
September 2014, and 1 sample in May 2015 show pH<7.
Note that almost in all these 18 samples, the pH values are
very close to 7. In addition to sorption on clay minerals in
aquifer matrix, Br concentration and consequently Br/Cl ra-
tios can modify by decomposition of organic matters that can
add Br to freshwater, saline/saltwater encroached, and fluids
derived from evaporite mineral dissolution. Based on Br/Cl
ion ratios (Fig. 7), the increase of salinity in the some parts of
UA may be attributed to the invasion of diluted saltwater,
base-exchange reactions of water with sediments and rocks
in the area, and probably dissolution of evaporite deposits in
some areas. We suggest that elevated Br/Cl ratios of saline
waters compared to UL saltwater may be explained by differ-
ential uptake of Br and Cl  during groundwater evolution
through water—soil/rock reaction.

The ability to distinguish direct saline/saltwater intrusion
from mixing of saline groundwater originating from displace-
ment of saline/saltwater and freshening could be important for
predicting salinization processes. Direct saline/saltwater intru-
sion would result in accelerated salinization rates, while
mixing with saline groundwater that originated from diluted
saline/saltwater could induce much lower salinization rates.
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Fig. 8 a The 680 vs. 6D
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In some cases, the Br/Cl and B/ClI ratios of groundwater
samples decrease with increasing salinity, which suggests that
the major possible mechanisms of salinization of the those
groundwater samples in the UA are mixing with saline
groundwater that originated from diluted saline/saltwater,
base-exchange reactions, and dissolution of salts stored in
the unsaturated zone (Warner et al. 2010, 2013).

Based on our analysis of the data mentioned above and as
shown in Table 3, other sources of salinization can be taken
into account to change the concentration of C1', Br , and B, as
well as the mass or molar ratios. Thus, comprehensive studies
are needed to determine the role of these sources on water
chemistry. It should be noted that, in this study, in order to
reduce the adverse effect on water chemistry, we tried to col-
lect the samples from wells that are far from pollution sources
such as sewage.

Hydrogen and oxygen-stable isotopes T2 type tracers in-
clude water isotopes (5'%0 and 5D) and ion concentrations.
These tracers are used to identify evaporation (increase of
5'®0 and 6D) and mixing with external groundwater (depends
on composition of external groundwater can lead to increase,
decrease, or remain unchanged the 5'®0 and 6D). These
tracers cannot use to identify salt dissolution.

@ Springer

One of the common conservative tracers for salinization
studies are the stable isotopes of the water molecule, oxygen
(5'®0) and hydrogen (D) isotopes. The use of stable isotopes
of oxygen and hydrogen for tracing salinity sources in surface
water may be complicated by evaporation effects that will
result in enrichment of §'®0 and 8D combined with low
5'%0/5D ratios relative to the original composition of the sa-
line water. However, natural or artificial recharge of saline/salt
surface water into an aquifer may be identified by distinctive
enriched 5'%0 and 5D compositions.

Figure 8a shows contrasting isotopes compositions of
coastal groundwater samples versus UL saltwater in
May 2015. In addition, the water-stable isotopic composition
for three perennial rivers is presented. Groundwater samples
have 8D in the range from —66.26 to —48.41 %o, while 5'*0 is
between —11.71 and —9.4 %o. In the northern (deep) and south-
ern (shallow) parts of UL, the 8D is equal to —14.25 and
—8.35 %o, and §'%0 is equal to —0.09 and 0.89 %o, respectively.

In Fig. 8a, the groundwater data cluster a little higher the
East Mediterranean Meteoric Water Line (MMWL; Gat and
Carmi 1970), 5D =86'0+22, and they significantly depart
from the Global Meteoric Water Line (GMWL; Craig 1961),
5D=85'%0+ 10, and the Iranian Meteoric Water Line
(IMWL; Shamsi and Kazemi 2014), §D=6.895'%0+6.57.
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The results confirm clearly that we could not absolutely say
that the groundwater samples collected in the coastal area of
UA show the local meteoric derivation (i.e., IMWL). As men-
tioned, this area resides on the eastern flank of the Zagros
Mountains at the eastern extent of the Mediterranean-type
climate, according to the Global Bioclimatic Classification
System (Martinez et al. 1999). Moisture originated from
Mediterranean Sea is transported by cyclonic disturbances.
The NW-SE trending Zagros mountain belt creates a barrier
to the eastward penetration of these cyclones, affecting the
amount of precipitation that reaches the interior of Iran.
Therefore, more distance of data cluster from GMWL than
IMWL can be justified.

The slope of the fitting line of groundwater data (the black
line in Fig. 8b) given as: 5D =5.165'*0+4.69 and R*=0.709,
is significantly lower than the Global, Mediterranean, and
Iranian meteoric water lines. A comparison of the locally in-
filtrating and movement of groundwater to the east (UL) has
demonstrated negligible evaporative processes in the soil dur-
ing infiltration. This is mainly because of low mean annual
temperature (11.52 °C) and relatively high precipitation
(346.3 mm) in the area. Such a low slope in the 5'%0-6D
relationship may be therefore due to isotopic fractionations
upon groundwater infiltration and underground circulation.
This process is a result of arid or semi-arid climatic conditions
characterizing an area that has also been observed by
Zimmerman et al. (1967) and Leontiadis et al. (1996). We
noticed that all groundwater samples are depleted with respect
to 6'%0 (—11.71 to —9.4%o) and 5D (—66.26 to —48.41 %),
represented in Fig. 8b. These samples were found on the lo-
cations where the groundwater is generally fresh. In addition,
most of saline samples with more positive isotopic values
were observed in the marginal (next to UL) areas.

The results of stable isotopes (Fig. 8) and B/Cl vs. Br/Cl
ratios (Fig. 7) show that some saline samples (low B/Cl and
Br/Cl ratios) are depleted with respect to 5'%0 and 8D. As
mentioned, stable isotopes of hydrogen and oxygen cannot

be used to identify salt dissolution. In this case, due to fresh-
waters flushing, the wells that are excavated at the coastal
playas and salty sediments could have more depleted isotopes,
more CI', and consequently smaller B/Cl and Br/Cl ratios.

Such mixing relations on the continent are further mani-
fested by the 5'®0 vs. CI” plot presented in Fig. 9. As shown,
almost all groundwater samples show the small increase in
§'®0 values mainly from —9.4 to —11.71 %o, while the CI~
values differ from 6.87 to 1320 mg/l. The two samples with
largest 5'%0 and CI” contents (shown as red diamonds in
Fig. 9) represent the UL end-member. The CI™ percentage of
UL is represented on the mixing line. Distribution of samples
on 8'%0 vs. CI” diagram (Fig. 9) indicates that all the samples
have the CI” concentration less than 0.1 % of UL CI™ content.
Based on Fig. 9, just three samples include S30, S4, and S24
have §'%0 values greater than —10 %o, so this may be attribut-
ed to more evaporation in these sites than other sampling
points. Using the values of §'%0 vs. Cl” can help us to deter-
mine the potential impacts of evaporite dissolution on sam-
ples, despite the fact that water-stable isotopes are not appli-
cable for this case. Some samples (e.g., S24), which are rela-
tively enriched with respect to §'*0 and 5D (Fig. 8), have the
small Cl" concentration. This means that some processes such
as long residence time at the time of sampling and probably
high groundwater level in the wells (and consequently more
evaporation and isotopic enrichment) can be considered as
effective factors for this phenomenon. In this area, S30 is the
saltiest sample (EC values between 5870 and 7180 puS/cm in
wet and dry seasons, respectively).

The deuterium excess “d-excess”, defined by Dansgaard
(1964) as d=5D-85'%0, allows further insight into the evolu-
tion of groundwater salinity to be gained. For the GMWL of
Craig (1961), the d-excess is 10 %o. Figure 10 displays the
relationship between 5'*0 and the d-excess (generally varying
between 21.11 and 31.16 %o) in the Urmia groundwater sam-
ples. The d-excess values for northern and southern parts of
UL are —13.53 and —15.47 %o, respectively. In general, §'%0

Fig. 9 Relationship between
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Fig. 10 Plot of d-excess vs. 5'%0
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was negatively correlated with the d-excess (Fig. 10). The d-
excess value is another index of the evaporation effect on the
physicochemical characteristics of water: that is, if the water
evaporates, the d-excess generally decreases (Han et al. 2011).
The d-excess values lower than 10 %o (Han et al. 2009) and
around 5 %o (Carol et al. 2009) suggest the isotopic composi-
tion in groundwater samples is characteristic of semi-arid cli-
mate. It means that groundwater has undergone evaporation
prior to infiltration. As shown, the minimum d-excess value in
Urmia groundwater samples is 21.11 %o. Generally, lower
values of 8D and §'®0 indicate a colder climatic signal during
recharge.

It should be noted that while the d-excess of all water sam-
ples are high, some groundwater samples show even higher
values than surface water. Since surface water is directly evap-
orated, the high d-excess in some groundwaters most likely
arises from relatively rapid incorporation of recycled precipi-
tation (Marfia et al. 2004). The d-excess values propose the
following: incoming vapors from UL are mixed with an evap-
orated moisture flux from the Urmia mainland and incoming
vapors from the west (i.e., Mediterranean Sea), resulting in
high d-excess in the surface and groundwaters. Based on
Figs. 9 and 10, some samples with higher 5'%0 (e.g., S30,
S4, and S24) are relatively correlated with evaporation pro-
cess. Therefore, the d-excess is impacted by the influence of
evaporation of the groundwater or infiltrating surface water
(Han et al. 2011).

Major ionic components of water As mentioned in Sec.

3.2.2.1, T2 type tracers include water isotopes and ion con-
centrations. The Hydrochemical Facies Evolution Diagram

@ Springer

(HFE-D) (proposed by Giménez-Forcada et al. 2010) provides
an easy way to identify the state of a coastal aquifer with
respect to intrusion/freshening phases that takes place over
time and which are identified by the distribution of anion
and cation percentages in the square diagram.

In the HFE-Diagram (Fig. 11), four main facies are
recognized: Na—Cl, sea/saltwater, Ca—HCO3, natural
freshwater, Ca—Cl, salinized water with reverse cation-
exchange, and Na—HCO3, salinized water with direct cat-
ion exchange. These four facies make up the processes.
The hydrochemical facies types located above and to the
left of the conservative mixing line are representative of
freshening, but facies types situated below and to the
right of the conservative mixing line characterize the
sea/saltwater intrusion phase. Facies types located in
the center of HFE-diagram can be considered as a mem-
ber of either the freshening or intrusion phases, but this
be determined by their location compared to the theoret-
ical mixing line and, therefore, on the chemical compo-
sition of freshwater. The freshwater composition selected
corresponds to a theoretical freshwater that takes account
of the set of waters represented. For a set of groundwater
samples, the highest percentages of cation (maximum
value of Ca** (or Mg®")) and anion (maximum value of
HCO; ™ (or SO4%)) in freshwater are chosen. The highest
percentages of Ca®" and HCO5~ do not have to relate to
the same water sample, and so it is called the theoretical
freshwater (it may or may not really exist). The reason
for this is to guarantee that all the water samples are
represented by one of the two fields that differentiates
the conservative mixing line in the HFE-Diagram and



Environ Sci Pollut Res (2016) 23:16738-16760

16753

Fig. 11 Representation of
collected water samples in a

June 2014, b September 2014,
and ¢ May 2015 on the HFE-
Diagram (square symbol indicates
that SO4>~ value in sample is
higher than other anions). On the
right, the groundwater samples
have been represented in terms of
their EC values

which corresponds to the intrusion and freshening

phases.
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In the intrusion and freshening fields, various sub-steps can

be identified, following the salinity evolution through the CI™
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percentage. The freshening sub-steps are including f-1, f-2, {-
3, f-4, and FW (representative freshwater composition). In this
diagram, the intrusion sub-steps related to the sea/saltwater
intrusion phase are represented as i-1, i-2, i-3, i-4, and SW
(representative sea/saltwater composition).

When the aquifer is in the freshening phase (recharge
process), it initiates from an initial state in which the
aquifer is totally salinized by sea/saltwater intrusion: then,
from inland towards the coast areas, the recharge (fresh)
water begins to rinse the aquifer which is in balance with
the Na—Cl (halite) facies. The first sub-step in the fresh-
ening process is the sub-step “f-1” that is characterized by
the distal freshening facies MixNa-Cl. Gradually, the
groundwater chemistry changes to sub-step “f-27
(MixNa-MixCl) and “f-3” (MixCa-MixHCO3, Ca-
MixHCO3), and so to sub-step “f-4” characterized by the
proximal freshening facies “f-4” (Ca-HCO3;, %Ca<66.6).
Finally, the total recovery process (freshening) of the aquifer
is recognized by the Ca-HCOj facies.

In the sea/saltwater intrusion phase, there is an initial mo-
ment when the aquifer is completely filled with “freshwater”
(or Ca—HCOj facies), which gradually changes to the proxi-
mal intrusion facies MixNa-Cl. During intrusion process, the
water evolves from sub-step “i-1”, characterized by the distal
intrusion facies, Ca-MixHCOs, to sub-step “i-2” (MixCa-
MixCl, Ca-MixCl), and then to sub-steps “i-3” (MixNa-Cl
(50<%Cl1<66.6), MixCa-Cl, Ca—Cl), and “i-4”, which is
identified by the proximal intrusion facies MixNa-Cl
(%Cl1>66.6)). Finally, in this phase, Na—Cl occupies the
whole aquifer. All sub-steps of sea/saltwater intrusion phase
are characterized by higher cation values than conservative
mixing line, displaying the contribution of reverse cation-
exchange reactions.

In Fig. 11, all collected groundwater samples during three
sampling periods are represented in the HFE-D along with the
conservative mixing line for UL saltwater and freshwater. The
percentages of samples for each sub-step in freshening and
intrusion stages for three sampling periods are presented in
Table 4. As shown in Table 4, in June 2014, September
2014, and May 2015, 13.09, 5.26, and 7.14 % of samples
are located in the intrusion field, respectively.

Distribution of samples on HFE-D for three wet and dry
seasons indicates clearly that the recharge of the aquifer with
Ca—HCO; groundwater seems sufficient for direct cation-
exchange reactions to occur and reach the next facies in the
Na—HCO; freshening phase. It should be noted that, in the dry
season (September 2014), like the wet seasons (June 2014 and
May 2015), increasing the groundwater exploitation leads to
movement of freshwaters from recharge zones in the western
mountains. In the UA, the main recharge areas are located: in
the north, west, and south of the plain. Four perennial rivers
which are inflowing from the west of this plain can be con-
sidered as other rechargers of the aquifer. Meanwhile, the UL
is located in the east of UA.

On the other hand, the Urmia saltwater encroachment to the
aquifer with characteristic —Cl facies waters seems insufficient
for changing the water chemistry, increasing the CI” content
and reaching the Na-Cl facies in the intrusion phase. In the dry
season, by increasing the water exploitation from the aquifer,
additional saltwater intrusion is not found. The main reason
may be the existence of fine-grained sediments in the coastal
areas that act as a natural barrier. Table 4 lists the criteria for
separating sub-steps for freshening and intrusion phases. On
the right side of the HFE diagrams, the percentage of anions is
correlated with the groundwater salinity, via the representation
of EC in the X-axis. Generally, groundwater samples in

Table 4 The criteria to assign the numerical values for each sub-step (Giménez-Forcada 2014) and distribution of sub-steps for freshening and

intrusion phases for three periods

Sub-step Anion Ion percentage Cation-exchange June September May
facies evaluation 2014 2014 2015
N (%) N (%) N (%)

Freshwater —HCO; HCO3 >50 - 62 47 35

(FW) Ca’">66.6 (73.81) (82.47) (83.33)
-4 —HCO;3 HCO; >50 freshening phase,
-3 ~MixHCOj3 50>HCO; >33.3 Ksample < Xtheoretical> 6(7.15) 3(5.26) 1(2.38)
-2 -MixCl 33.3<CI <50 direct cation-exchange 2 (2.38) 0 (0.00) 1(2.38)
f-1 —Cl 50<Cl <66.6 3(3.57) 3(5.26) 2 (4.76)
i-1 —MixHCO; 50>HCO; >33.3 Xsample > Xtheoreticals 7 (8.33) 2 (3.51) 1(2.38)
i-2 -MixCl 33.3<Cl <50 reverse . 2(2.38) 1 (1.75) 2(4.76)
i3 —l 50<CI <66.6 cation-exchange 2 (2.38) 0 (0.00) 0 (0.00)
i-4 —Cl Cl >66.6 0 (0.00) 1(1.75) 0 (0.00)
Saltwater —ClI CI >66.6 -

(SW) Na">50
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freshening phase have lower EC values than those corre-
sponding to intrusion phase.

The results indicate that most groundwater samples collect-
ed from the same well during different periods show relatively
similar behavior. The results demonstrate that the seasonal
variability did not affect the characteristics of the groundwa-
ter; in this way, one can identify the main areas of recharge and
the zones affected by salinization.

Note that, in some sampling points, the varying positions of
the sub-steps on the three periods studied are a mark of the
dynamism of the surface (UL)/groundwater bodies in UA, and
it indicates what changes in water chemistry can be related to
changes in the balance of the aquifer and the dynamics of the
salinization from UL saltwater intrusion.

As stated before, almost certainly base-exchange reactions
are the contributing factors in changing the water chemistry. In
this study, base-exchange index (BEI) is calculated to deter-
mine the contribution of cation-exchange reactions in varia-
tions of groundwater chemistry. BEI can also be used to dis-
tinguish if an aquifer is undergoing salinization or freshening,
or has been freshened or salinized in the past. According to
Stuyfzand (2008), the best index (for a dolomite free aquifer
system) is BEI=Na+K+Mg-1.0716Cl (concentrations in
meq/l). The factor 1.0716 is equal to [Na+K+Mg]/CI (in
meq/l) for mean ocean water (Riley and Skirrow 1975). For
current investigation, the mean value of this factor for UL is
equal to 1.7091. A positive BEI represents freshening due to
cation-exchange, a negative BEI represents salinization be-
cause of reverse cation-exchange, and a BEI with a value of
zero represents no cation-exchange. The classification of
Stuyfzand is well known for its application in coastal areas
for the determination of water types and the evaluation of
geochemical processes (e.g., Vandenbohede et al. 2009; de
Louw et al. 2010; Giménez-Forcada et al. 2010). The results
show that most of the collected groundwater samples during
three sampling periods have a positive value for BEI, indicat-
ing freshwater intrusion to the wells. The computed values of
BEI show that just one sample (S3) in June 2014, three sam-
ples (S3, S30, and S36) in September 2014, and one sample
(N10) in May 2015 are negative, indicating reverse cation-
exchange and salinization of those samples.

In addition to BEI results which clearly indicate freshening
mechanism as the dominant process in this area, saturation
index (SI) calculations showed that all groundwater samples
collected in these periods have negative saturation indices,
which indicate undersaturation (SI<0.5) with respect to anhy-
drite (CaSQO,), gypsum (CaSO,4:2H,0), and halite (NaCl),
demonstrating the eventual dissolution of these minerals.
Also, except in some cases (e.g., S30 and N40 saturated with
respect to dolomite (CaMg(CO3),) and N39 saturated with
respect to aragonite (CaCOj3) and calcite (CaCOs)), all other
samples showed the undersaturation with respect to the car-
bonate minerals such as aragonite, calcite, and dolomite.

Therefore, the mentioned minerals are susceptible to dissolu-
tion. In the dry season (September 2014), the SI calculations
show the more positive values with respect to dolomite, espe-
cially in the northern part of UA that indicate the higher po-
tential for precipitation and deposition of dolomite in these
sites. In hypersaline environments, precipitation is commonly
rapid, and together with the high concentrations of foreign
ions, it is difficult for dolomite to form because the precise
Ca—Mg ordering required. Thus, dolomite probably forms
most readily by a reduction in salinity, particularly in a
schizohaline environment (alternating between hypersaline
and near-fresh conditions, as in a phreatic mixing zone).
Flushing saltwaters with freshwater lowers salinity but main-
tains a high Mg/Ca ratio; the interfering effect of foreign ions
is reduced (Folk and Land 1975).

The fresh/saltwater interface (the “zone of dispersion”)

We used the Ghyben-Herzberg relation (Bear 1979) to esti-
mate the boundary between fresh and saline waters at the
Urmia site. The equation relates the elevation of the water
table to the elevation of the boundary of the interface between
the freshwater and underlying saltwater zones of an aquifer
and is based on the balance of the height of two columns of
fluids of differing density (Reilly and Goodman 1985). The
vertical profile of the fresh/saltwater interface normal to the
shoreline tends to occur as a concave-upward wedge of fresh-
water bounded by saline/saltwater. This simplistic model ig-
nores convection, dispersion, and diffusion phenomena fre-
quently observed in coastal unconfined aquifers. It assumes
that freshwater and seawater forms a sharp static contact (in
reality it is in a dynamic equilibrium); the height of which, Z,
is given as:

z=-"r
ps_pf

h (1)

where / is the height of the groundwater table above the mean
sea level, and prand p; is the density of freshwater and sea-
water, respectively. Based on the difference between the den-
sity of freshwater (1.000 g/cm?) and seawater (1.025 g/cm’) at
20 °C, Z=40 h.

The density of UL saltwater changed between 1.27 and
1.30 g/em® in wet and dry seasons (June 2014, September
2014, and May 2015). In this study, the value of 1.27 g/cm®
was considered for calculations of fresh/saltwater interface in
the coastal areas of UA. According to the Ghyben-Herzberg
approximation and density of 1.27 g/cm® in UL, the depth of
the transition zone in Urmia coastal line is about 3.7 times the
groundwater elevation, compared to 40 times in aquifers next
to the ocean. Based on density of water in UA and collected
data from field surveys during June 2014-May 2015, we tried
to provide the vertical profiles of fresh/saltwater interface in
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six normal directions to the coastline. For this purpose, we
used the water levels in target wells and of UL, depth of wells,
water chemistry, water-stable isotopes, geophysical data, and
sedimentological/stratigraphical results of previous studies.
The UL sediments are generally fine-grained, except at the
conjunction of rivers to the Lake where coarser grains such
sand and gravel are deposited. Sediments in the middle parts
of the Lake mainly consist of fine clay to silt. A borehole with
180 m in depth which was drilled along Shahid Kalantary
causeway (across the Lake with E-W direction) in 1992
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indicates that the first sandy layer with thickness 2.5 m is
located in depth 132 m and the second thin sandy layer is
placed in depth 137 m. Observations in that year showed that
the underground saline water overflowed from the borehole
which was excavated to depth 137 m. The hydraulic pressure
in that borehole was equal to 2.5 bars. In addition, sedimentary
layers in depth 30—45 m had high resistance. Therefore, by
considering the fine-grained sediments in the central parts of
Lake and high hydraulic pressure in deep sediments, it can be
concluded that there is no high hydraulic connection (i.e., free
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Fig. 12 Generalized freshwater-saltwater profiles across the UA. Calculated depth of saltwater interface based on Ghyben-Herzberg law is presented in
red dash. Chloride concentrations are displayed at the end of wells. Isotopic values are in per-mille (%o)
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drainage) between Lake and beneath layers, but the sediments
are fully saturated with recent and old saltwaters originated
from UL. By considering the hard and thin salty layer in the
UL floor and slower sedimentation rate for fine grains that
lead to looseness of deposits in these areas, small and contin-
uous leakage from the lake to underground sedimentary layers
is occurring. Unconsolidated sediments in central and coastal
parts of UL had thickness about 55 and 15 m, respectively.

The prepared salinity profiles based on hydrochemical da-
ta, geophysical sounding, and field observations are presented
in Fig. 12. By considering more water density and less depth
of UL than seas and oceans, and the main application of
Ghyben-Herzberg law in seawater intrusion, the underground
mixing of UL saltwater and groundwater in coastal UA is very
complicated. Therefore, the Ghyben-Herzberg law could be
discussed only as approximations (red dashes in Fig. 12). As
shown, the CI' concentrations in the wells indicate that the
front of salinity is reached just to the first wells in considered
profiles. Only can be seen in profile PS2 (Fig. 12), the slightly
enrichment of 5D and §'®0 values in near shoreline locations
than inland wells. Therefore, the observed salinity in coastal
areas (especially in sample S30) is due to the encroachment of
highly diluted UL saltwater. Note that water chemistry in this
area can be affected by other mentioned factors.

Conclusions

The poor correlation between sampling depth and C1™ concen-
trations indicated that the position of freshwater—saltwater in-
terface is not uniformly distributed in the study area, and this
was attributed to aquifer heterogeneities. In some samples, the
Br/Cl and B/Cl ratios of groundwater samples decrease with
increasing salinity, which suggests that the major mechanisms
of salinization of those groundwater samples in the UA are
base-exchange reactions between water and aquifer materials,
mixing with saline groundwater that originated from diluted
saline/saltwater, and maybe dissolution of salts stored in the
unsaturated zone and salinization of the underlying shallow
groundwater. Most of the collected groundwater samples dur-
ing three sampling periods have a positive value for BEI,
indicating freshwater intrusion to the wells. The computed
values of BEI show that just one sample (S3) in June 2014,
three samples (S3, S30, and S36) in September 2014, and one
sample (N10) in May 2015 are negative, indicating reverse
cation-exchange and salinization of groundwater samples. SI
calculations showed that all groundwater samples collected in
three sampling periods show negative saturation indices,
which indicate undersaturation with respect to anhydrite, gyp-
sum, and halite. Also, except in some cases (e.g., S30 and N40
saturated with respect to dolomite and N39 saturated with
respect to aragonite and calcite), all other samples showed
the undersaturation with respect to the carbonate minerals

such as aragonite, calcite, and dolomite. The hydrogeochem-
ical characteristics based on BEI and SI show that changes in
the chemical composition of groundwater are mainly con-
trolled by the salinization process followed by cation-
exchange reactions. Groundwater samples (wells) have 8D
in the range from —66.26 to —48.41 %o, while 'O is between
—11.71 and —9.4 %o. In the northern (deep) and southern
(shallow) parts of UL, the 6D is equal to —14.25 and
—8.35 %o, and also §'%0 is equal to —0.09 and 0.89 %o, respec-
tively. Almost all the groundwater samples are depleted with
respect to the heavy isotope (6'%0 between —11.71 and
—9.4 %o) that was found on the locations where the groundwa-
ter has a short residence time (freshwater). Most of samples
with more positive values were observed in the marginal
(close to shoreline) areas. Results of stable isotopes and B/Cl
vs. Br/Cl diagram show that some saline samples (low B/CI
and Br/Cl ratios) are depleted with respect to 5'%0 and 8D. As
mentioned, stable isotopes of hydrogen and oxygen tracers
cannot use to identify salt dissolution. In this case, due to
freshwater flushing, the wells that are excavated at the coastal
playas and salty sediments could had more depleted isotopes,
more Cl, and consequently smaller B/Cl and Br/Cl ratios.
The results of HFE diagram showed that because of the exis-
tence of salty and fine-grained sediments in the coastal areas
that act as a natural barrier increasing the groundwater exploi-
tation leads to movement of freshwaters from recharge zones
in the western mountains not saltwater from UL. In some
areas, particularly in the southern part, there is no sign of
seasonal variation in groundwater quality. The highly perme-
able sediments at the junction of the river to UL at the east
coastal aquifer are characterized by low hydraulic gradient
and high hydraulic conductivity. These properties enhance
the salinization of groundwater observed in the study area.
The main factors influencing the salinity are base-exchange
reactions, invasion of highly diluted saltwater, dissolution of
salty sediments, and water chemistry evolution along flow
paths.
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