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Abstract
Determining the origin of groundwater in active and unstable mining environments has proven quite challenging. We 
evaluated the origin and salinity of the groundwater using major/minor ions, 2H and 18O stable isotopes, and 3H and 14C 
radioisotopes. Samples were collected from a multi-aquifer system including three distinct aquifers: an upper alluvial aqui-
fer (UAA), a lower alluvial aquifer (LAA), and a hard-rock aquifer (HRA). The water facies for most of the samples were 
Na-Cl with total dissolved solid concentrations ranging from 1.1 g L−1 in the freshwater of the Kheirabad aquifer (KhA), 
148.8 g L−1 in the brines of the HRA, and 321 g L−1 in a salt playa. The unique ionic relationships between the ions imply 
the salinity mainly originates from halite dissolution. Moreover, the groundwater of HRA and LAA was altered by reverse 
cation exchange. Although the stable isotope data suggested a modern meteoric water source for the KhA samples, the UAA, 
LAA, and HRA groundwaters were significantly enriched relative to the local meteoric water line. Dating with 3H and 14C 
radioisotopes confirmed the characteristic differences between the aquifers with ages of 6200 (UAA), 18,000 (LAA), and 
27,500 years (HRA), which ultimately supported their varied origins. Consequently, a regional conceptual flow model was 
developed based on the geological settings, stratigraphic evidence, hydrochemistry, and isotopic properties, which suggests 
that the UAA, LAA, and HRA were due to three transgressions of inland lakes 6200, 18,000, and 27,500 ago, respectively.
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Introduction

Mining and field operations in open-pit mines, where extrac-
tion depths are typically below local groundwater levels, are 
significantly affected by groundwater flow and circulation. 

Various issues including slope stability, reduction of min-
ing efficiency, demolition of mine-based equipment, and 
unsafe working conditions can all occur when groundwater 
flows into an open-pit mine (Ahmadi et al. 2018; Assari 
2019; Heidari-Nejad et al. 2017; Jahanshahi and Zare 2017). 
Evaluating the origin of groundwater and its salinity mecha-
nisms are some of the fundamental ways to improve both 
the management and regulation of mining activities (Assari 
2019; Heidari-Nejad et al. 2017).

Understanding the processes controlling the evolution of 
hydrochemical and isotopic properties of groundwater in a 
complex subsurface system is important in identifying the 
origin of groundwater (Argamasilla et al. 2017; Moham-
madi et al. 2012; Wang and Jiao 2012; Wen et al. 2019) and 
its hydrochemical evolution (Owen and Cox 2015) using 
hydrochemical and isotopic techniques (Li et  al. 2018, 
2019a). A combination of evidence and indexes such as 
major and minor ions, stable isotopes of water (e.g. 2H and 
18O), and radioisotopes (e.g. 3H and 14C) have been simul-
taneously applied to distinguish the origin of groundwater 
and its salinity sources (Gue et al. 2015; Wang and Jiao 
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2012; Yu et al. 2019). Analyses of major and minor ele-
ments and their ionic ratios (e.g. bromine (Br−)/chloride 
(Cl−] and sodium [Na+)/Cl−) are well-known approaches 
to identify the groundwater salinization sources, such as 
seawater intrusion (Argamasilla et al. 2017; Eggenkamp 
et al. 2019), dissolution of evaporites (Gue et al. 2015), 
oil-field and thermal brines (Alçiçek et al. 2018; Yu et al. 
2019), deep-basin brines (Heidari-Nejad et al. 2017; Khaska 
et al. 2013), and anthropogenic activities (Li et al. 2019b; 
Prasanna et al. 2012; Scheiber et al. 2016). Stable isotopes of 
water such as 2H and 18O have also been extensively used to 
distinguish local meteoric water from groundwater systems 
with distinctive origins (Alçiçek et al. 2018; Montcoudiol 
et al. 2015; Zhao et al. 2017), and to assess the hydrochemi-
cal processes, such as evaporation, mixing, and rock-water 
interaction (Bagheri et al. 2014a, b; Chen et al. 2020; Eissa 
et al. 2018). Radioisotopes such as 3H and 14C with half-
lives of 12.32 and 5730 years, respectively, have also been 
widely used for dating groundwater and differentiating old 
(paleo-water) from modern groundwater (Bourke et al. 2014; 
Scheiber et al. 2015; Wang and Jiao 2012).

This study focused on groundwater circulation and the 
origin of salinity in a multi-aquifer system in the Gohar-
Zamin iron mine (pit no. 3), an open-pit mine that is dealing 
with groundwater incursions from both the walls and bottom 
of the pit (Fig. 1a). This groundwater causes extensive prob-
lems for the extraction of iron ore; a large volume of saline 
water (7700 m3 day−1) with an average electrical conductiv-
ity (EC) of 120,000 µS cm−1 must be pumped out from the 
pit. Although several studies have been conducted on the 
origin of this groundwater and this site’s hydrogeology, its 
true origins are not well defined. For instance, Jahanshahi 
and Zare (2017) reported that the Kheirabad salt playa (SP), 
13 km north of the mining area, was the main source of the 
saline groundwater and brines, assuming that the dewatering 
processes in the Golgohar iron mine (pit no. 1) had formed 
a cone of depression in groundwater systems around the 
mine. In such conditions, the natural hydrodynamic balance 
of saline and fresh water could have been changed, and salt 
water intruded from the playa into the mine area through 
faults and fractures. However, using hydrochemical and iso-
topic evidences, Heidari-Nejad et al. (2017) suggested that 
there are two aquifers in the mine area that are hydraulically 
interconnected; an upper alluvial aquifer and a lower hard-
rock aquifer. Based on various chemical and isotopic tech-
niques, they proposed that the main source of recharge into 
the alluvial aquifer was from modern precipitation with deep 
basin water being the most probable origin of the hard-rock 
brines. However, current understanding of the origins of the 
brines in this area does not correlate with various geologi-
cal and hydrogeological evidence, including the lithological 
changes of alluvium with the location of springs and seep-
age faces, sudden and unexpected hydrochemical changes 

in the groundwater, and groundwater age dating. Identify-
ing the origin of groundwater is crucial for regulatory, envi-
ronmental, and economic objectives, such as designing a 
dewatering system in the mining areas, extraction of some 
metals from saline groundwater, and assessment of storage/
discharge rates of saline water from the aquifers. Therefore, 
the objectives of this study were to distinguish the origin 
of groundwater in the Gohar-Zamin mining area, investi-
gate the hydrochemical factors controlling the evolution 
of groundwater, and provide a comprehensive conceptual 
model for a complex multi-aquifer system.

Materials and Methods

Geological Framework

The Gohar-Zamin iron mine has an area of ≈ 450 km2 and is 
located the main part of the Golgohar metamorphic complex 
(GMC) in south-central Iran (Fig. 1). This area has become 
an industrial region (especially with regard to iron and steel 
production) in recent decades and includes six active iron 
mines and associated pelletizing-steel industries. Pit no. 3 of 
the Gohar-Zamin iron ore mine, with a diameter of ≈ 2 km) 
consisting of 19 benches that range from 1735 to 1450 m 
above mean sea level (AMSL).

The GMC is located in the structural zone of Sanandaj-
Sirjan, the most active tectonic zone of Iran, which has 
passed through different phases of metamorphism and mag-
matism (Maknouni Gilani 2019; Soltaninejad et al. 2018). 
Metamorphic rock belonging to the Precambrian (the Pan-
African orogenic episode) and Carboniferous (Hercynian 
orogenic episode) periods, including disturbed series of 
mica schist, amphibolite, gneiss, quartzite, and crystalized 
limestone and marble, form the main lithology of the GMC 
(Assari 2019; Heidari-Nejad et al. 2017; Maknouni Gilani 
2019). The GMC is entirely covered by unconsolidated Qua-
ternary deposits and young terraces. Based on the geotechni-
cal log of 183 exploring boreholes, the maximum and mini-
mum thickness of the alluvial deposits are ≈ 240 m and 50 m 
to the west and north of the pit, respectively (Assari 2019).

From the ground surface to benches 13–14, there is a 
sequence of coarse- and fine-grained strata underlain by a 
hard-rock formation. The alluvial deposits mainly consist 
of chert, carbonate, and acidic igneous rock fragments as 
the weak-cemented coarse-grain strata, which are stratified 
by mudstone and claystone as the impermeable fine-grain 
interbed. Most of this study area is occupied by alluvial 
flatlands with some mountainous areas around. Mountains 
Bagh-Chubi, Ein-Albaghar, and Chah-Deraz surround the 
alluvial plains in the north, south, and east, respectively, 
which are primarily composed of recrystallized limestone, 
marble, schist, and granite. The Kheir-Abad SP is located 
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Fig. 1   a Geological map and location of the sampling sites and b generalized cross section A–A′
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13 km north of the mines and has been considered a termi-
nus for the accumulation of groundwater and surface water. 
Hydrodynamically, surface water and regional groundwater 
in the study area flow toward the playa following the local 
topography. This basin is a closed inland basin and evapora-
tion is the only output component of accumulated water in 
the playa.

The study area lies in a semi-arid to arid region with 
few ephemeral rivers; the mean annual precipitation is 
≈ 170 mm, mostly occurring as rainstorms during late winter 
and early spring (Jahanshahi and Zare 2017). Contrastingly, 
the average potential evaporation is about 2800 mm year−1 
(Maknouni Gilani 2019). The permeable alluvial strata and 
impermeable fine-grained interbed with a total thickness of 
≈100 m have formed a complex alluvial aquifer system. The 
first occurrence of groundwater seeps into the pit at bench 
9 in the alluvium (pit no. 3; Fig. 1b). A mudstone interbed 
has shaped at least two distinct alluvial aquifers: the upper 
alluvial aquifer (UAA) and the lower alluvial aquifer (LAA). 
The groundwater elevation of the UAA is about 1,680 m 
AMSL, and groundwater enters the pit through seepage 
faces in benches 9, 10, and northwest of 11 with an EC 
range of 5000–9000 µS cm−1. Groundwater from the LAA 
outcrops at an elevation of 1630 m above MSL with an EC 
range of 20,000–30,000 µS cm−1. The LAA shows less dis-
charge than the UAA, and only appears on the southwestern 
to eastern sides of benches 12–14 because the lower rock 
formation slopes north upward (Fig. 1b). It seems that sev-
eral meters of mudstone prevent the hydraulic interconnec-
tion between the UAA and LAA. A silica-cement conglom-
erate and metasandstone layer 10 m thick is considered to be 
the bedrock of the LAA. After bench 14, there is a confined 
hard-rock aquifer (HRA) into the crushed metamorphosed 
rocks. The HRA’s brine discharges into the pit through joints 
and fractures and have EC values > 100,000 µS cm−1.

Evidence, including lithological, hydrodynamic, and 
hydrochemical evidence, suggests the possible occur-
rence of a multi-aquifer system in the study area. Perme-
able coarse-grained layers can be seen in benches 9–10 and 
13–14, which are interbedded by impermeable mudstone and 
claystone. There are several small normal and inverse faults 
in the coarse-grained layers that terminate in a fine-grained 
layer (Assari 2019). Hydrodynamic evidence emerges from 
the seepage faces and springs at benches 9–10 and 13–14 of 
the pit. The bed layer of this aquifer includes fine-grained 
layers, and the seepage faces discharge where the coarse- 
and fine-grained layers contact, whereas there is no evidence 
of groundwater seepage between these levels (Gharaat et al. 
2020). Hydrochemical evidence can be seen in the sudden 
and unexpected changes in primary properties of ground-
water chemistry. The EC values in groundwater of benches 
13–14, for example, are over three times the EC values of 
groundwater in benches 9–10. In the hard-rock brines, this 

parameter increases to more than ten times the alluvial 
groundwater. These sudden changes were also observed in 
other physicochemical parameters such as TDS, pH, Eh, 
temperature, major, and minor concentrations (Gharaat et al. 
2020).

Groundwater and Surface Water Sampling

Water samples were collected from agricultural wells, a nat-
ural waterhole, and geotechnical boreholes. In addition, the 
piezometers around the mines pits, seepage faces in trenches 
of the pits, springs in the alluvial and hard-rock aquifers, 
and a SP were sampled. Methods of sampling and prepara-
tions before laboratory analyses were based on the USGS 
standards (Knapton 1985). A total of 106 samples were col-
lected from 24 sampling stations during six sampling events 
in January, March, April, May, August, and November of 
2019, respectively (Supplemental Table S-1). January and 
May were considered as dry and wet seasons, respectively, 
based on the long-period average monthly rainfall of the 
study area. Because most of the rainfall in the study area 
occurred from January to May, the sampling had greater 
temporal resolution at the beginning and a lesser one toward 
the end of the sampling period. From the total samples, 46 
and 24 samples were collected from the upper and lower 
alluvial aquifers (UAA and LAA), and the hard-rock aquifer 
(HRA), respectively. Moreover, from the Kheirabad aquifer 
(KhA), 31 samples were collected from agricultural wells, 
four samples from a natural waterhole, and one sample from 
a SP (Table S-1). The location of all the collected water 
samples is illustrated in Fig. 1a.

In situ parameters such as pH, EC, Eh, and temperature 
were measured on-site for all the sampling stations using a 
portable multi-sensor (Hach HQ40D). The accuracy of the 
multi-sensor for EC, pH, Eh, and temperature was 0.1 µS 
cm−1, 0.1, 0.1 mV, and 0.1 °C, respectively. Before each 
sampling event, all of the devices and sensors were cali-
brated based on their manual to ensure the quality of data 
collected. Furthermore, repetitive control samples from 
some sampling points (B9W, N13, PW3, and SP), were sent 
to the laboratory to ensure analytical quality.

Major Ions and Metals Analysis

The water samples were filtered through a 0.45 µm Sarto-
rius membrane filter and then stored at 4 °C in two acid-
washed polyethylene dark bottles, until analysis. One of 
the bottles was acidified to pH < 2 using concentrated 
HNO3 (nitric acid 65%) for Na+, potassium (K+), calcium 
(Ca2+), magnesium (Mg2+), aluminum (Al3+), barium 
(Ba2+), strontium (Sr2+), (lithium (Li+), iron (Fe3+), lead 
(Pb2+), zinc (Zn2+), nickel (Ni2+), mercury (Hg2+), and 
silver (Ag+) analyses. The non-acidified bottles were 
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used for anion analyses (SO4
2−, Cl−, HCO3

−, Br−, F−, and 
NO3

−). The concentration of these ions were analyzed 
using inductively coupled plasma atomic spectrometry 
(ICP-AES), using a 930 compact IC Flex instrument with 
a detection limit of 0.001 mg L−1 at the Central Labora-
tory of Shiraz University. The major anions were analyzed 
using a 930 Compact IC Flex ion chromatography. In fresh 
and brackish water samples, the charge balance of the 
major ions was less than 5%, while brine samples with less 
than 10% charge balance values were considered accept-
able due to dilution processes during analysis (Table 1).

The groundwater salinity in the studied aquifers may 
be attributed to salinization derived from deep-basin cir-
culation, halite dissolution, evaporation of modern and 
paleo-water, and brine intrusion from the SP. The spe-
cific ionic relationships were suggested by many studies 
to assess the factors controlling hydrochemical processes 
and identify the origin of groundwater salinization (Ait 
Brahim et al. 2015; Belkhiri et al. 2012; Boschetti et al. 
2016; Chen et al. 2014). In this study, we used various 
ionic relationships including Na+ vs Cl−, Cl−/Br− vs 
Na+/Br−, Ca2+ vs SO4

2−, (Ca2+  +  Mg2+) vs HCO3
−, and 

(Ca2+  + Mg2+−SO4
2−−HCO3

−) vs (Na+  + K+−Cl−) to dif-
ferentiate the origin of salinity.

Sampling and Analysis of the Stable Isotopes: δ2H 
and δ18O

Groundwater samples from 19 sites in January and 20 sites 
in May of 2019 were collected from the piezometers, seep-
age faces, agricultural wells, and brine springs and filtered 
into 20 ml dark glass bottles for δ18O and δ2H stable iso-
tope analysis. δ18O and δ2H were analyzed at Hydroiso-
top GmbH, Schweitenkirchen, Germany using Los Gatos 
Research (LGR) DLT-100 laser spectroscopy. All measured 
isotope ratios were expressed in delta notation with respect 
to internationally accepted standards. The measurement pre-
cisions were ± 0.15‰ for δ18O and ± 1.5‰ for δ2H.

Climate change should be recorded in fossil or paleo-
groundwater by the positive correlation between isotopes in 
precipitation and groundwater. Changing precipitation iso-
tope content and excess deuterium are two common indica-
tors of climate change (Clark and Fritz 2011). Deuterium 
excess value (d) in arid regions vary depending on humidity 
during primary evaporation and can be calculated for any 
precipitation and groundwater sample (Dansgaard 1964):

change in paleoclimate is displayed by a shift in the sta-
ble isotope content of groundwater and in deuterium excess 
(Clark and Fritz 2011).

(1)d = δ
2
H + 8δ

18
O

Sampling and Analysis of Radioactive Isotopes: 3H 
and 14CDIC

Groundwater samples were collected from piezometers 
(N33), seepage faces (B12E and B13S), and brine springs 
(N13 and B9W) in January 2019 for 3H and 14CDIC (dis-
solved inorganic carbon-14) analysis to determine ground-
water age. Samples for 3H and 14CDIC analysis were taken in 
1 L glass bottles, and after 0.45 µm filtration, were sealed 
with parafilm to minimize any contact with air. The radioac-
tive isotopes of 3H in water and 14C in dissolved inorganic 
carbon (DIC) were analyzed at the Environmental Isotope 
Laboratory, University of Waterloo. Tritium results were 
expressed in the tritium unit (TU) with an analytical pre-
cision of ± 0.8 TU. The 3H concentration in precipitation 
is about 10 TU nowadays, having fallen from peak values 
(> 5000 TU) after nuclear bomb tests (Gue et al. 2015; Hei-
dari-Nejad et al. 2017; Mohammadi 2009; Wang and Jiao 
2012). Tritium with a half-life of 12.32 years is used to date 
young groundwater, but it is not suitable for age dating of 
old waters. 14C with a half-life of 5730 years is often meas-
ured to date the groundwater that is less than 50,000 years 
old. Radiocarbon content was expressed in percent modern 
carbon (PMC) with an analytical uncertainty of 0.06–0.18 
PMC (Gue et al. 2015).

Results

General Hydrochemical Characteristics

The major ion concentrations and physicochemical param-
eters of the groundwater varied by < 10% of the average con-
centration at each sampling point during the six sampling 
events (Supplemental Table S-1). This indicated a lack of 
significant temporal differences in the hydrochemical evi-
dence of water samples, especially for the HRA brines, 
which seemed to be independent of the occurrence of mete-
oric water (Fig. 2). However, statistical tests were applied to 
confirm the lack of differences between the temporal analy-
ses. The Kruskal Wallis test was used to investigate the sepa-
ration or dependence between the results of the six sampling 
events; the results revealed that there were no significant 
differences in hydrochemical characteristics of groundwater 
(Supplemental Table S-2). Consequently, to minimize the 
uncertainty of the data, the average of the data from the six 
sampling events was used to identify the origin of ground-
water and the mechanism of salinity (Table 1).

Water facies of the different water types were distin-
guished using the hydrochemistry data plotted on a Piper 
diagram (Fig. 3). All the groundwater and surface water 
samples in the study area were Na-Cl water type in a range 
of salinities from relatively fresh water with a TDS of 1.1 g 
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L–1 in the agricultural wells of KhA to hypersaline brines in 
SP with a TDS of 321.1 g L-1. The maximum salinity at the 
mining area was found in the HRA brines that outcropped 
through cracks and joint sets of the hard-rock formation.

The Cl−/HCO3
2− weight ratios ranged from 1.6 to 2.2 

at KhA (except for PW4), 6.6 to 31.2 at UAA (except for 
WD1), 82.7 to 124.9 at LAA, and 902.6 to 3073.1 at HRA 
(Table 1). Due to the overexploitation of groundwater in 
the Kheirabad aquifer (KhA), agricultural wells such as 
PW4 have been affected by salt-water intrusion from the 
SP. WD1 is also a natural waterhole where evaporation plays 
an important role in the excess concentration of Cl− in the 
ratio Cl−/HCO3

−. Furthermore, Cl−/SO4
2− weight ratios 

likewise ranged from 0.9 to 7.1 (except for PW4) in KhA, 
from 1.7 to 7.5 (except for WD1) in UAA, from 9.6 to 11.7 
in LAA, and from 25.1 to 51.7 in HRA. The Cl−/HCO3

− and 
Cl−/SO4

2− ratios in SP were about 2614 and 27.5, respec-
tively (Table 1).

Na+ and Cl− were the dominant major cations and ani-
ons in most of the groundwater samples (Table 1), where a 
stronger linear relationship between Na+ and Cl− (R2 > 0.9) 
suggested a common providing source(s) (Fig. 4). As illus-
trated in Fig. 4, the concentration of the major elements of 
the aquifers are drastically contrasting. Consequently, hydro-
chemical properties of groundwater have distinctly changed 
between UAA, LAA, HRA, and KhA. This indicated a lack 

of hydraulic relationship between the aquifers where mixing 
processes were not observed. Furthermore, the low bicarbo-
nate contents in UAA, LAA, and especially HRA (relative to 
KhA) can be primary evidence attributed to the fact that the 
aquifers lack an active connection to the rapid circulation of 
meteoric water (Table 1).

Ionic Relationships

Halite Dissolution Origin

Ionic ratios of conservative and quasi-conservative ions such 
as Na+/Cl− and Br−/Cl− are reliable ways to identify the 
origin of groundwater salinization (Eggenkamp et al. 2019). 
When Na+/Cl− molar ratios were > 1 and Br−/Cl− weight 
ratios were ≈ 4 × 10–4, the origin of salinization was consid-
ered to be halite-solution brine. Conversely, the brine water 
was considered to be deep-basin brine or seawater intrusion 
when the Na+/Cl− molar ratios were less than 0.86 (seawater 
value) and the Br−/Cl− weight ratios > 25 × 10–4 (Bagheri 
et al. 2014a, b).

Na+ and Br−/Cl− ratios vs Cl− are plotted in Figs. 4 and 
5. Notably, the ratios of Na+-Cl− and Br−/Cl−-Cl− in most 
water samples exhibited values expected for those of halite-
solution origin. Na+/Cl− ratios greater than 1:1 in KhA indi-
cate a relative increase of Na+ ions compared to Cl− (Fig. 4). 

Fig. 2   Variation of the major ions and physicochemical parameters in groundwater during six sampling periods
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Moreover, the Na+/Cl− molar ratio is constantly greater than 
0.95 in fresh meteoric water (Khaska et al. 2013). Therefore, 
KhA is perhaps recharged by local fresh meteoric water. 
The groundwater analysis of HRA demonstrated that Na+/
Cl− molar ratios were slightly less than unit values in the 
range of 0.57 to 0.84 (Fig. 4 and Table 1), indicating rock-
water interactions and reverse cation exchange, as explained 
above.

The molar relationship of Na+/Br− vs Cl−/Br− is a prac-
tical way to identify two different sources of salinization: 
halite dissolution and evaporation of water (Fig. 6). Particu-
larly, Br− is considered more conservative than both Cl− and 
Na+ (Bagheri et al. 2014a, b; Eggenkamp et al. 2019). Thus, 
when water evaporates, Br− scarcely precipitates into the 
solid evaporites. As the evaporation increases, the Na+/
Br− and Cl−/Br− ratios decrease, whereas with halite disso-
lution, the concentrations of Cl− and Na+ increase by equi-
molar amounts relative to Br− content (Bagheri et al. 2014a, 
b). The Na+/Br− and Cl−/Br− molar ratios of all measured 
groundwater and surface water samples resided in the 
expected ranges for the halite dissolution trend line (Fig. 6). 
The evaporation processes did not affect the infiltrated 

meteoric water because halite dissolution is the dominant 
force for groundwater salinization.

The results from these ratio analyses disagreed with 
the assumption of possible sources of evaporation and/or 
deep-basin saline waters as the main source of groundwater 
salinity. However, many groundwater samples in HRA and 
LAA reflect significant excess amounts of Ca2+ and Mg2+ 
and deficient Na+ levels. The enrichment or depletion of 
Ca2+, Mg2+, and Na+ is perhaps caused by precipitation or 
dissolution of carbonate and sulfate minerals and/or cation 
exchange in the aquifer (Baudron et al. 2013; Gue et al. 
2015; Qiao et al. 2019; Scheiber et al. 2015). In the follow-
ing, these possible processes are separately evaluated.

Gypsum and Carbonate Dissolution

The Ca2+/SO4
2− ratio can be used as an indicator of pre-

cipitation or dissolution of the sulfate minerals such as 
gypsum and anhydrite. The solubility of gypsum is higher 
than that of anhydrite, especially in the presence of hal-
ite and mutual ions (Gue et  al. 2015). When the ratio 
(Ca2+ + Mg2+)/HCO3

− has a value of ≈ ½, it is concluded 

Fig. 3   Piper diagram for the 
chemical composition of 
groundwater in the aquifers. 
The zoomed rectangle is the 
chemical composition of water 
samples in the mining area
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that the main Ca2+ source in groundwater is calcite dis-
solution. However, when this ratio is ≥ ¼, the groundwater 
has probably dissolved a significant amount of dolomite 
(Argamasilla et al. 2017).

The measured concentrations of Ca2+ and SO4
2− are pre-

sented in Fig. 7 and are compared with the theoretical disso-
lution lines of sulfate minerals. The results indicate that sul-
fate mineral dissolution is the major source Ca2+ and Mg2+ 

Fig. 4   Relationships between 6-step average concentrations of the major cations and anions and TDS versus chloride
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in the KhA and UAA, whereas the excess Ca2+ + Mg2+ in 
HRA and LAA, in addition to sulfate dissolution, are due 
to other chemical processes such as rock-water interaction 
(Fig. 7).

The carbonate sequence in the study area belongs to 
the Paleozoic and Mesozoic metamorphic rock series and 
outcrop as marble and metamorphosed limestone south 
and north of the KhA (Fig. 1). The relationships of the dis-
solved Ca2+ and Mg2+ vs HCO3 are illustrated in Fig. 8 and 

compared with the theoretical dissolution line of calcite and 
dolomite. As shown in Fig. 8, only water samples of KhA 
have (Ca2+ + Mg2+)/HCO3

− molar ratios close to ½, whereas 
this ratio in LAA and especially HRA show a remarkable 
enrichment of Ca2+ and Mg2+. This suggests that in addi-
tion to halite dissolution, carbonate and sulfate mineral dis-
solution contribute to the main chemistry of waters in the 
KhA. However, the excess concentration of Ca2+ and Mg2+ 

Fig. 5   Br− vs Cl− for groundwater samples of KhA, UAA, LAA, 
HRA, and SP. Dashed line is the theoretical line of halite dissolution

Fig. 6   The relationship between Cl−/Br− and Na+/Br− ratios of the 
groundwater samples. All the water samples are aligned along the 
Halite Dissolution Trend (HDT). Seawater evaporation trend (SET) is 
extensively used to analyze the origin of salinity in the sedimentary 
basins (Bagheri et al. 2014a, b)

Fig. 7   The concentrations of SO4
2− versus Ca2+ measured in water 

samples. The ratios below the drawn lines represent the stoichiomet-
ric relationships between paired solutes. Dashed line refers to dissolu-
tion of sulfate minerals (gypsum and anhydrite)

Fig. 8   Characteristic ionic relationships of Ca2+ and Mg2+ versus 
HCO3

− and CO3
2− in the groundwater samples. Dissolution of dolo-

mite was not observed in any groundwater samples, and only the 
groundwater samples near the Devonian-Permian marbles (Bagh-
Chubi Mountains) dissolved carbonate minerals
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in groundwater of LAA and HRA cannot be due to carbon-
ate and sulfate mineral dissolution alone; reverse cation 
exchange likely occurred.

Cation Exchange

The ratios of (Ca2+  + Mg2+–SO4
2−–HCO3

−) and 
(Na+  + K+−Cl−) are usually used to evaluate the role of 
cation exchange occurring in an aquifer (Montcoudiol et al. 
2015; Qiao et al. 2019; Yuan et al. 2017). The contents of 
Na+, K+, and Cl− are almost equal if only halite dissolution 
has occurred. The moles of Ca2+ and/or Mg2+ deriving from 
the dissolution of carbonate and sulfate minerals are equal 
to the sum of the moles of SO4

2− and HCO3
−. Using the 

scatterplot of Na+ + K+–Cl− vs Ca2+ + Mg2+–HCO3
−–SO4

2−, 
the x-axis represents the excess concentration of Na+ and 
K+ from sources other than halite dissolution or evapora-
tion; meanwhile, the y-axis represents the Ca2+ and/or Mg2+ 
derived from processes other than carbonate or gypsum dis-
solution. Therefore, if the dissolved major elements were 
derived from the dissolution of halite, carbonate, and sulfate 
minerals, then all the data should plot near the origin of the 
coordinates (0, 0) of the graph (Argamasilla et al. 2017; 
Huang et al. 2013; Owen and Cox 2015).

As expected, the groundwater samples of HRA and LAA 
showed excess amounts of Ca2+ + Mg2+ (Fig. 9). Ca2+ and 
Na+ display opposite behaviors. Enrichment of Ca2+ and 
Mg2+ is coinciding with the depletion of Na+ concentra-
tion in groundwater of HRA and LAA and can only be 
explained by reverse cation exchange (Fig. 9). The exchange 
of Ca2+ (and/or Mg2+) and Na+ may have occurred in HRA 

to balance the excess concentration of Na+ in Na+-rich pri-
mary recharged groundwater. Previous studies on heavy met-
als and pollution levels of groundwater in the mining area 
have shown significant amounts of heavy metals and major 
and minor elements have transferred from the solid phase 
(metamorphic rocks) to the hard-rock brines by water–rock 
reactions (Jahanshahi and Zare 2015).

Stable Isotope Signatures

The mean isotope compositions of groundwater and surface 
water samples during dry and wet seasons are summarized 
in Table 2 and illustrated in Fig. 10. The local meteoric 
water line (LMWL) for the study area was measured and 
projected by Jahanshahi and Zare (2017) as δ2H = 7.12, 
δ18O + 15.92 and is compared with the global meteoric water 
line (GMWL) (dashed line in Fig. 10). The SP had δ18O and 
δ2H of – 3.86‰ and – 47.2‰ and was significantly depleted 
when compared to the LMWL of the Sirjan area and the 
groundwater samples (Fig. 10). This is due to the saliniza-
tion effects on ion hydration. The effects of solutes are criti-
cal in the measurement of stable isotopes in brines whereas 
in supersaturated waters, ion hydration causes a depletion 
of δ18O and δ2H because the isotope activity decreases with 
increasing salinity (Clark and Fritz 2011).

All the groundwater samples had stable isotope values 
below the LMWL; the samples from KhA were the closest 
to LMWL (Fig. 10a). The 18O and 2H have conservative 
compositions and cannot be greatly affected by precipitation 
and dissolution in a short time. Therefore, the evident differ-
ences of δ18O and δ2H between the UAA, LAA, and HRA 
aquifers and the LMWL suggest that the origin(s) of ground-
water in the aquifers has/have no significant connection to 
the modern circulation of the meteoric water. The isotopic 
composition of groundwater is generally controlled by mete-
orological processes (Clark and Fritz 2011). However, dif-
ferent natural processes can cause the stable isotope contents 
in reservoir waters to deviate from the LMWL equilibrium 
values (Fig. 10b, modified by D’Amore and Panichi 1985). 
Equilibrium exchange of the 18O in groundwater with aquifer 
materials may produce 18O enriched groundwater (Dor et al. 
2011; Karolytė et al. 2017). In some cases, deep groundwa-
ters may be enriched in 18O relative to the GMWL, while 
2H values remain unchanged due to isotope exchange with 
the minerals of the host materials (Clark and Fritz 2011). 
Interestingly, δ18O contents in UAA, LAA, and HRA were 
progressively enriched with almost the same δ2H relative to 
LMWL (Fig. 10a). This can be attributed to rock-water inter-
actions in groundwater with high residence times because 
2H is relatively more conservative, while 18O enters chemi-
cal reactions more than 2H. One sample in KhA and two 
samples in UAA were collected from surface water bodies 
(topographic depression) and were affected by evaporation 

Fig. 9   The binary graph of the major ions to interpret the hydrochem-
ical rock-water interactions, mixing of water, and processes such as 
dissolution of halite, carbonate, and sulfate minerals. In the coordi-
nate origin (0, 0) only halite, calcite and gypsum are dissolved
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throughout the year. These samples are isotopically enriched 
and separated from their aquifer types. The evaporation 
trends of these two shallow aquifers were drawn using the 
deviation of these samples from the average isotopic con-
tents and indicate that the isotopic enrichment of the deeper 
aquifers was not due to evaporation in the shallower aquifers 
(from KhA → UAA → LAA → HRA) (Fig. 10a). Further-
more, the deuterium excess in the groundwater samples of 
the alluvial aquifers (UAA and LAA) were positive, in the 

range of 5.12 to 10.63‰, while the values converged nega-
tively in HRA from − 0.13 to − 12.14‰ (Table 2). Accord-
ingly, this illustrates the lack of hydraulic interconnection 
between UAA, LAA, and HRA; the groundwaters in these 
aquifers are derived from different sources.

δ2H is an approximate conservative parameter in the sedi-
mentary aquifer systems which can be compared with other 
conservative elements (e.g. Cl−) to evaluate the origin of 
groundwater salinity (Bagheri et al. 2014a, b). If evaporation 

Table 2   Mean values of 
stable and radioactive isotopic 
parameters analyzed in 
groundwater and surface water 
samples

Water sources Samples δ18O (‰) δ2H (‰) Deuterium 
excess (‰)

3H (TU) 14C (pmc) Apparent 
age (ybp)

UAA​ B9W – 5.675 – 36.95 8.45  < 0.8 46.22 6200
OH3 – 5.145 – 35.55 5.61
OH4 – 6.01 – 37.45 10.63
B10NE – 5.3 – 36.15 6.25  < 0.8
B13-pw2 – 5.385 – 36.7 6.38
WD1 – 4.18 – 27.8 5.64
PW2 – 4.44 – 27.1 10.42

LAA B13S – 4.99 – 34.6 5.32 9.725 18,720
B12E – 4.74 – 36 5.12  < 0.8 11.28 17,532

HRA B15N – 3.465 – 35.85 – 0.13  < 0.8
N33 – 3.38 – 36.6 – 1.56 3.257 27,508
N13 – 3.11 – 34.75 – 9.87 3.214 27,616
B18-ORE – 2.645 – 33.3 – 12.14

KhA PW3 – 6.43 – 34.6 14.04
PW4 – 6.005 – 32.7 12.67
PW6 – 6.475 – 34.95 14.05
SOW14 – 6.68 – 33.75 16.89
OW2 – 6.615 – 34.95 15.17

Salt playa SP – 3.86 – 47.2 – 16.32

Fig. 10   a Stable isotope compositions (δ2H and δ18O) of the ground-
water samples, shown relative to the Global Meteoric Water Line 
(GMWL) and Local Meteoric Water Line (LMWL) of Sirjan. b Pro-

cesses which may affect δ18O and δ2H values of water after its infil-
tration (Clark and Fritz 2011; Karolytė et al. 2017; Pang et al. 2017)
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of groundwater is the central factor for groundwater saliniza-
tion, the δ2H and Cl− should be well-correlated (Clark and 
Fritz 2011; Jahanshahi and Zare 2017). The results of δ2H vs 
Cl− showed that increasing salinity in groundwater is associ-
ated with constant concentrations of δ2H, which highlights 
evaporite dissolution, especially halite (Fig. 11).

3H and 14CDIC Evidence

The 3H level in all four groundwater samples was below 
the detection limit of 0.8 TU (Table 2), demonstrating 
that groundwater at the mining area, even in the young-
est aquifer (UAA), was recharged prior to the thermonu-
clear bomb tests in the 1950s and 1960s (Clark and Fritz 

2011). Interestingly, from the measured 14C, the ages of 
water samples were 6200 ybp (years before present) for 
the UAA, 18,000 ybp for the LAA, and 27,500 ybp for 
the HRA (Table 2). The relative apparent ages calculated 
from 14C agree with the hydrochemical data and isotopic 
evidence, confirming that UAA, LAA, and HRA have dis-
tinctive origins in an unconnected multi-aquifer system 
(Fig. 12). As shown in Fig. 12, the concentration of Cl−, 
coincident with increasing groundwater age, increased sig-
nificantly in the deeper aquifers (HRA and LAA). Sudden 
changes in the groundwater age and content of the con-
servative elements are evidence for the different origins of 
groundwater. The residence time of groundwater in HRA 
and LAA was long enough to allow hydrochemical pro-
cesses such as cation exchange to occur.

Fig. 11   Relation between δ2H 
and Cl− concentrations in the 
groundwater and surface water 
samples

Fig. 12   Measured carbon-14 
activity of dissolved inorganic 
carbon in groundwater samples 
of the mining area
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Discussion

Sources of Groundwater Salinity

The saline groundwater conditions in many arid regions 
are the result of water evaporation and/or dissolution of 
evaporated deposits (Abirifard et al. 2017; Kouchekzadeh 
and Zarei 2017; Nekouei et al. 2016; Zarei et al. 2014). 
However, research by Su et  al. (2020) suggested that 
groundwater pumping for various uses in arid regions can 
accelerate water–rock interactions and trigger recharge 
from saline water, increasing the groundwater salinity in 
an aquifer. The potential processes causing the salinity 
in groundwater of the Gohar-Zamin mining area can be 
attributed to halite dissolution, evaporation of water, brine 
water intrusion from the SP, and water–rock interactions. 
The hydrogeology, stratigraphy, structural geology, hydro-
chemical evidence, and isotope composition help us to 
better understand the origin of groundwater salinization.

As shown in Table 3, halite dissolution is likely the 
main origin of groundwater salinity in all water sources 
in the studied area. In addition to the dissolution of halite 
in KhA samples, evidence of calcite and gypsum disso-
lution was also observed; this was expected in the pres-
ence of the Ca2+-rich marble and schist strata. The high 
HCO3

− concentrations in the KhA groundwater samples, 
compared to the rest of the studied aquifers, indicated a 
hydraulic connection between the KhA groundwater and 
local meteoric water, which was also supported by the sta-
ble isotope analyses.

Based on the specific ionic relationships of the conserv-
ative elements, the origin of salinity in the UAA, LAA, 

and HRA was attributed to dissolution of halite. In addi-
tion, reverse cation exchange has also occurred in LAA 
and especially HRA due to the long residence time of the 
Na+-rich groundwater, which changes the water chemistry 
(Table 3). Cation exchange did not occur in the UAA, pos-
sibly due to the shorter residence time there (6200 ybp), 
alkaline earth-poor alluvium, and low Na+ content in the 
groundwater. In addition, no intrusion of brine water was 
observed from the SP and the evaporation process did not 
affect the infiltrated paleo-waters formed in the UAA, 
LAA, and HRA.

Besides the results of this study, the spatial and tem-
poral distributions of 13 metals (Al, As, Co, Li, Mn, Mo, 
Ni, Pb, Rb, Se, Si, Sr, and Zn) have been evaluated in the 
Gohar-Zamin mining area by Gharaat et al. 2020. The results 
showed that with a similar trend of TDS and the major 
ions, the concentrations of these metals generally decrease 
(HRA > SP > LAA > UAA > KhA; see Fig. 4 in Gharaat 
et al. 2020). They concluded that the main source of these 
metals had a geogenic and lithostratigraphic origin, so tem-
poral changes had no effect on the variations. Therefore, 
different groundwater origins may explain the varied metal 
concentrations in the studied aquifers.

Origin of the Groundwater

As reported in previous studies (Assari 2019; Gharaat 
et al. 2020; Heidari-Nejad et al. 2017; Jahanshahi and Zare 
2017) and in greater detail in the present study, there are 
three separate aquifers in this multi-aquifer system where 
water flows into the mines from both alluvial and fractured 
aquifers. The hydrochemical evidence, isotopic properties, 
and age dating of the groundwater in the studied aquifers 

Table 3   Summary of the possible origins of the studied aquifers based on different diagnostic methods

✔ and × signs are confirmation and decline of the specific sources of salinity in each aquifer, respectively. All of the possible origins of ground-
water salinization in the studied aquifers are considered as:
HD halite dissolution, CD carbonate mineral dissolution, SD sulfate mineral dissolution, DB deep-basin brines, BI brine water intrusion, EW evap-
oration of modern and/or paleo-water, and RWI rock-water interactions (especially ion exchange). N means NO data

Methods Aquifers

HRA LAA UAA​ KhA

Ionic ratios ✔: HD, RWI
 × : CD, SD, DB, EW

✔: HD, RWI
 × : CD, SD, DB, EW

✔: HD, SD
 × : CD, DB, EW, RWI

✔: HD, CD, SD, RWI
 × : DB, EW

δ18O vs δ2H ✔: HD
 × : BI, EW

✔: HD
 × : BI, EW

✔: HD
 × : BI, EW

✔: HD, a few EW
 × : BI

Age dating ✔: RWI
 × : BI

✔: RWI
 × : BI

✔: –
 × : BI

✔: N
 × : N

Lithostratigraphy and historical geology ✔: HD, RWI
 × : DB, BI

✔: HD, RWI
 × : DB, BI

✔: HD, SD
 × : DB, BI

✔: HD, CD, SD
 × : DB, BI

Modern and paleo-hydrogeology ✔: HD, RWI
 × : DB, BI

✔: HD, RWI
 × : DB, BI

✔: HD,
 × : DB, BI

✔: HD, CD, SD, RWI
 × : DB, BI

The suggested origin of salinity HD and RWI HD and RWI HD and SD HD, CD and SD
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allows for a schematic conceptual model of the aquifers’ 
origin (Fig. 13). In this Figure, 3D block diagrams of dif-
ferent hydrogeological environments are presented in three 
paleo-periods at 6200, 18,000, and 27,500 ybp. The fol-
lowing evidence highlights that in the KhA area, local 
meteoric rainwater infiltrates into the ground and is min-
eralized by calcite, gypsum, and halite dissolution:

•	 The hydraulic gradient in KhA is from the Bagh-
Chubi Mountains to SP (Fig. 1 and the arrow signs in 
Fig. 13d).

•	 The groundwater of KhA is of the Na–Ca–Cl type 
(Fig. 3).

•	 The groundwater samples of KhA are generally less 
mineralized and their composition is close to that of 
rainwater (Jahanshahi and Zare 2017).

•	 The Ca2+, Mg2+, and SO4
2− concentrations at KhA are 

near the theoretical line of calcite (Fig. 8) and the dis-
solution line of gypsum (Fig. 7).

•	 The isotope compositions of the groundwater samples 
from KhA are near the LMWL (Fig. 10).

However, the following considerations suggest that the 
UAA, LAA, and HRA groundwater originate from differ-
ent sources and there is no recognizable hydraulic inter-
connection between the aquifers:

(a)	 Lithological setting the alluvial aquifers (i.e. UAA and 
LAA) flow in unconsolidated coarse-grained alluvium, 
ranging from gravel to silt, which are separated by sev-
eral meters of mudstone and clay layers. The HRA is 
located below the alluvial aquifers and their hydrau-
lic connection is interrupted by several meters of Si-
cemented conglomerate (Fig. 2b).

(b)	 Hydraulic properties the piezometric level in the HRA 
geotechnical boreholes is higher than the water table 
in the LAA. The HRA is consequently a confined frac-
tured aquifer, where the overburdened lithostatic pres-
sure and the compressibility of water have caused it to 
become a non-flowing artesian aquifer (Assari 2019).

(c)	 Hydrochemical features the major and minor ion con-
centrations in all of the groundwater samples have a 

Fig. 13   A conceptual model of groundwater origin in a multi-aquifer 
system: a 27,500 ybp-period that formed HRA with an average EC 
of 150,000 µS cm−1, b 18,000 ybp-period that formed LAA with an 

average EC of 25,000 µS cm−1, and c 6200 ybp-period that formed 
UAA with an average of EC of 6000 µS cm−1
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different chemistry relative to modern groundwater in 
the study area (Figs. 5, 6, 7, 8 and  Fig. 9).

(d)	 Stable isotope compositions the results of δ18O, δ2H, 
and deuterium excess in UAA, LAA, and HRA sug-
gest that these aquifers originate from different sources 
(Fig. 10 and Table 2).

(e)	 Age dating of groundwater all groundwater samples in 
UAA, LAA, and HRA were tritium-free, and 14C dating 
attributes the age of these waters to three time-periods: 
6200, 18,000, and 27,500 ybp (Fig. 12).

As mentioned earlier, the UAA, LAA, and HRA were 
formed due to transgression and regression of inland 
lakes during time-periods with a time interval of about 
10,000 years, where during these periods, the large lakes 
covered the entire area. Nowadays, the salt playas remain-
ing from those periods include the Kheirabad SP in the 
north, the Qatrouyeh SP in the southwest, and the Marg SP 
in the southeast. In summary, the change of the lakes can be 
explained by the following three periods:

(1)	 27,500 ybp-period During this period, almost the entire 
area was covered by large inland lakes with high EC 
contents and a significant amount of alkali elements 
in the lake water after passing through unconsolidated 
alluvium and have penetrated into the hard-rock host 
materials (Fig. 13a). As mentioned above, the disso-
lution of halite was considered to be the main origin 
of groundwater salinization in the UAA, LAA, and 
HRA. However, no signs of evaporative layers were 
observed in the mining area’s geotechnical borehole 
logs (Assari 2019; Assari and Mohammadi 2017; 
Babaki and Aftabi 2006; Heidari-Nejad et al. 2017). 
Therefore, the salt must have dissolved in the surface 
water before penetrating into the aquifer. The study area 
is a closed inland basin located in arid and semi-arid 
climates, and evaporation of water accumulated in the 
basin has formed thick layers of halite over long peri-
ods (as the salt layer is precipitating nowadays in the 
SP) (Maknouni Gilani 2019; Masoumi et al. 2020). At 
that time, the water level of the lake was significantly 
raised for a long time, and the evaporative layers were 
dissolved in the surface water, forming the HRA water 
after infiltrating into the ground. At the end of the 
transgression period, the unconsolidated deposits over-
lying the HRA consolidated to become the imperme-
able Si-cement conglomerate strata, and the HRA was 
hydraulically disconnected from the local hydrological 
cycle (Jafari et al. 2018; Maknouni Gilani 2019).

(2)	 18,000 ybp-period During this transgression, the salin-
ity of the infiltrated water ranged from 20,000 to 30,000 
µS cm−1, leading to the formation of the LAA. The 
origin of the groundwater and mechanism of salinity 

were similar to that of the HRA but much less intense. 
During this time-period, coinciding with the penetra-
tion of water into the LAA, the fine-grained layers (i.e. 
mudstone and claystone) precipitated as clay lenses 
(Fig. 13b). Groundwater in the LAA had a significant 
amount of dissolved Na+ and reverse exchange between 
Na+ and Ca2+ occurred in this aquifer, but less abun-
dantly than in the HRA.

(3)	 6200 ybp-period Several transgressive and regressive 
cycles occurred between 18,000 and 6000 ybp, and 
a sequence of coarse-grained and fine-grained allu-
vial deposits precipitated, indicating that a sequence 
of high- and low-energy environments dominated 
the study area. During this period, groundwater was 
much less saline than during the LAA and HRA, rang-
ing from 5000 to 9000 µS cm−1. This showed that the 
amount of precipitated salt in the basin was likely much 
less than at 18,000 and 27,500 ybp. Rock-water interac-
tive processes have not been observed in this aquifer, 
the groundwater of which is the only source of salin-
ity attributed to halite dissolution. Groundwater in the 
UAA and LAA generally flows through buried paleo-
channels extending NW–SE and W–E. These channels 
are filled with coarse-grained fan deposits (Fig. 13c; 
Shafiei et al. 2009).

The depth of the water table in the UAA is ≈ 50 to 60 m 
below the ground surface. Despite the shallow water depth, 
there is no hydraulic connection between the aquifer and 
local meteoric water for two reasons: a) the surface allu-
vium is significantly fine-grained (fine silt to fine sand) and 
does not allow rainwater to infiltrate into the aquifer, and 
b) the potential evaporation was reported to be more than 
2,800 mm in a year, while the average annual precipitation 
was only 170 mm year−1 (Maknouni Gilani 2019; Maknouni 
et al. 2018).

Summary and Conclusion

This study identified the origin of the groundwater and 
sources of salinity in a multi-layered alluvial-hard rock aqui-
fer system. Identifying the origin of groundwater in a com-
plex aquifer system requires an integrated approach includ-
ing geological, hydrogeological, and hydrochemical methods 
with isotopic measurements and age dating to minimize the 
uncertainty of the individual approaches. The results showed 
that Na-Cl is the dominant water type throughout the study 
area, which was indicated by the low Cl/HCO3 and Cl/SO4 
weight ratios in the KhA and UAA, and high weight ratios 
in the LAA and HRA. The TDS of the groundwater ranged 
from a minimum of 1.1 g L−1 in the KhA to > 148 g L−1 in 
the brines of the HRA.
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Results highlighted halite dissolution as the main origin 
of salinity in groundwater samples. Moreover, the ground-
water of the HRA and LAA is likely affected by reverse cat-
ion exchange as well as dissolution of sulfate and carbonate 
minerals observed in KhA and UAA. Stable isotopes of KhA 
samples were closest to LMWL. No evidence of δ18O and 
δ2H analyses and age dating supported saline water intru-
sion from the SP to the mines. However, our results revealed 
that the UAA, LAA, and HRA groundwater samples were 
related to the time-periods of 27,500, 18,000, and 6200 ybp, 
suggesting that the groundwater flowing in these aquifers all 
originate from different sources.

The developed model of groundwater circulation sug-
gests that alternations of transgression and regression of an 
inland lake during three time periods (i.e. 27,500, 18,000, 
and 6200 ybp) created opportunities for ancient meteoric 
waters to infiltrate into the aquifers during transgression 
periods. Therefore, during the beginning of the regressive 
periods, the hydrogeological conditions of the aquifers and 
the rapid circulation of meteoric water were interrupted by 
the diagenesis of impermeable clastic sedimentary rocks.
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tary material available at https://​doi.​org/​10.​1007/​s10230-​022-​00902-6.
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