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Extended abstract

Abstract

Groundwater, as a vital resource, constitutes approximately 30% of the
Earth's freshwater reserves and serves as the primary source of drinking
water for nearly half of the global population, as well as about 40% of the
water required for agricultural purposes. Therefore, the importance of
managing groundwater resources for sustaining human life and ecosystem
stability is undeniable. However, groundwater resources face numerous
challenges, with salinity being one of the most significant global concerns
(Mirzavand & Walter, 2024). Groundwater salinity refers to the increase in
the concentration of dissolved salts in aquifers, which leads to a decline in
water quality. This process can render water unsuitable for drinking,
irrigation, and industrial use (Yang et al., 2022). The Kashan Plain, located
in central Iran, is one of the regions where its groundwater resources are
under severe pressure due to salinity. Studies conducted by Mirzavand
(2018) have highlighted the challenges facing the Kashan Plain aquifer and
emphasized the need for comprehensive assessments to ensure the
sustainable management of these resources (Mirzavand, 2018).
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According to the findings of Mirzavand's research (2018), the source of salinity in
the Kashan Plain aquifer is not the intrusion of saline water from the salt playa but
rather the extraction of deep saline water (upcoming) associated with the Miocene
marl and Upper Red formations, which is the primary cause of aquifer salinization
(Mirzavand, 2018). On a broader scale, numerous studies have investigated the
processes of groundwater mixing using hydrogeochemical techniques. For
example, research conducted in coastal aquifers has utilized isotopic and chemical
tracers to delineate the boundary between seawater and freshwater, providing
valuable insights into the extent of saltwater intrusion (Barica, 1972; Bouchaou et
al., 2008; Carretero et al., 2022; Xie et al., 2023). Tomaszkiewicz et al. (2014)
proposed an index for this purpose, which allows for the calculation of the
theoretical percentage of mixing between saline and fresh waters (Tomaszkiewicz
et al., 2014). Given that the primary source of water in the Kashan and Aran-
Bidgol regions is groundwater, it is essential to examine the mixing ratio of saline
and fresh waters resulting from aquifer salinization due to the extraction of deep
saline water using hydrogeochemical methods to develop management strategies
and mitigate this phenomenon. Therefore, considering the effective performance of
the GWISWI index (Amiri et al., 2016), this study will employ this index to
investigate the mixing of saline and fresh waters. Additionally, since the only
conservative ion used in this index is chloride, this research will also utilize
bromide as a suitable conservative ion to examine the mixing processes, and the
results of the baseline index and the modified index will be compared. Thus, the
objective of this study is to assess groundwater quality affected by saltwater
intrusion using the GWISWI index and a modified GWISWI index and to
calculate the theoretical percentage of mixing between saline and fresh
groundwater using hydrogeochemical data based on two scenarios (intrusion of
saline water from the Salt Lake (salt playa) and deep saline water into the aquifer)
in the Kashan Plain.

Study Area

The Kashan Plain (located between longitudes 51.05° and 51.54° east and latitudes
33.45° and 34.23° north) is situated in Isfahan Province, in central Iran, covering
an area of 2,403 Km2 (Figure 1). The aquifer in this region is composed of
Miocene marl evaporites and the Upper Red Formation, overlain by low-altitude
alluvial fan deposits and valley terrace sediments (up to 350 meters thick). These
sediments consist of a mixture of fine silt, coarse silt, clay, sand, gravel, cobbles,
boulders, and conglomerates. The Kashan Plain is bounded by the Rig-Boland Erg
to the east, hard and karstic formations to the southwest and west, and the salt
playa to the northeast. The first water well in this region was drilled in 1956. Since
then, with population growth and increasing water demand, the number of
pumping wells has exceeded 2,000. As a result, the groundwater level has been
declining at an average rate of approximately one meter per year (Mirzavand &
Ghazavi, 2015). Due to excessive extraction from semi-deep and deep wells and
the low recharge rate of the aquifer in this arid climate (average annual rainfall of
131 mm and potential evaporation of 3,000 mm/year), the region faces a serious
challenge of declining water resources (Mirzavand et al., 2020a). The salinity of
groundwater in the Kashan Plain ranges from approximately 1,500 to 220,000
uS/cm, with data indicating that the southern, southwestern, and western parts of
the aquifer have better water quality compared to the eastern and northeastern
parts.

Methodology

In this study, a total of 42 water samples were collected from ganats, deep and
shallow wells (exploitation and piezometric wells), drilled boreholes, and the salt
playa of Kashan (Figure 1 and Table 1). Before sampling, the bottles were washed
with distilled water. Water samples for anions and cations were collected
separately in 250-milliliter PVC bottles. Additionally, electrical conductivity (EC),
temperature, and pH were measured on-site using portable HACH-150 and
Metrohm devices. Cation samples were filtered after collection using filter paper



with a pore size of 0.45 micrometers and acidified by adding two drops of pure
nitric acid to reduce the pH to less than 2. The samples were then stored at 4°C and
transported to the laboratory. Anion samples were analyzed using an lon
Chromatography (IC) device, and cation samples were analyzed using an
Inductively Coupled Plasma-Mass Spectrometer (ICP-MS).

To assess the accuracy of the analyzed data, the Charge Balance Error (CBE)
equation (1) was used. The acceptable error margin, calculated using Equation (1),
is 5% (Clark, 2015).

CBE=(%)=M><100

D cat+ ) an @

In this equation, a represents anions, the cat represents cations, and CBE represents
the ionic balance error.

Calculation of GWISWI, GWISI, and Theoretical Percentage of Mixing of
Saline and Fresh Water

Assessment of Groundwater Quality Affected by Saltwater Intrusion Using
GWISWI and GWISI Indices

Tomaszkiewicz et al. (2014) demonstrated in their research that the
Index alone is not suitable for evaluating saltwater intrusion into

Crsaltwater
groundwater resources. Based on this, they proposed a combined index derived
from the integration of GQI and GQI, (Equations 2 and 3) and

Piper(mix)

ultimately presented it as Equation (4).

Ca® +Mg* _ HCO; |
D Cations Y Anios

GQI Piper(mix) = 50 (2)

The unit used in this equation is milliequivalents per liter (meg/L).
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In Equation (3), Clfreshwater and Clsaltwater represent the minimum and
maximum concentrations of CI among the samples examined, respectively. Since
bromide, like chloride, is considered a stable ion in groundwater systems, the use
of bromide in calculating the saline water ratio and the water quality index
proposed by Tomaszkiewicz et al. (2014) (Tomaszkiewicz et al., 2014) is justified.
Therefore, modifying the equation based on this ion can also yield reliable results.
For this purpose, in this study, the water quality index (Equation 4) was first
calculated using Equation (3). Additionally, the saline water ratio based on
bromide ions was calculated using Equation (5), and subsequently, the An index
based on the saline water ratio derived from bromide ions was computed. Finally,
Equation (6) was used to calculate the water quality index affected by saltwater
intrusion.

C T -C I’
— B 'Sample Bl Freshwater x 100 (5)

B TSaltwater BrFreshwater

B TSaltwater



(GQIPiper(mix) + GQIfC, saltwater + GQIfB, saltwaler)
3

GQlg, =

In the above equations, CBr sample, CBr freshwater, and CBr saltwater represent
the measured bromide concentration in the samples under investigation, the
bromide concentration in the freshwater sample, and the bromide concentration in
the saline water sample, respectively.

Calculation of the Theoretical Percentage of Mixing of Saline and Fresh
Water in the Kashan Plain

In Equation (3), Cci | represents the chloride concentration in each of the
sampler

groundwater samples examined, C represents the chloride concentration in

Cl freshwater

the freshwater sample, and CCI— - Represents the chloride concentration in the

deep saline water in one scenario and the chloride concentration in the Kashan salt
playa in another scenario. Additionally, fcf " Represents the saline water

ratio, with a range of variation between 0 and 100. Thus, the index GQI

)
saltwater

which indicates the percentage of deep saline water/salt playa water mixed with
the other studied wells, can be calculated using Equation (7) (Appelo & Postma,
2005).

GQI f = (1_ fsaltwater) x100 (7)

saltwater

Discussion

To assess the quality of groundwater affected by saltwater intrusion, the combined
GQISWI index (which relies on chloride concentration and Piper diagram results)
and the modified GQISWI index (GQISI), which incorporates bromide
concentration in addition to the parameters considered by Tomaszkiewicz et al.
(2014), were used. The results obtained from calculating these indices are
presented in Table 2. As observed, mixing is the most significant process in the
context of aquifer salinity, and both indices effectively demonstrate this dominant
process. However, as noted, in samples with very low salinity, the results of these
two indices do not overlap. In samples where TDS is less than 5000 mg/L
(samples 3, 5, 8, and 9), which are classified as fresh to slightly brackish water
according to standards (Clark, 2015), these samples are categorized as fresh water
in the modified index (GQISI) but as mixed water in the GQISWI index.
Therefore, it appears that the results of GQISI are more accurate.

Investigating the theoretical percentage of mixing is important because it allows
for the assessment of the extent of saline water intrusion from a specific source
into the aquifer in each well. As mentioned, to examine the scenario of the
theoretical percentage of mixing of saline water intrusion from deep saline water at
the base of the aquifer and saline water from the Salt Lake (salt playa) into the
Kashan Plain aquifer, the saline water ratio based on chloride concentration was
used. The results of determining the theoretical percentage of mixing based on the
two potential salinity sources are presented in Figures 2 and 3, and the percentage
of mixing of saline and fresh water in each well based on the intrusion of deep
saline water is provided in Table 3.

Based on the results, no mixing resulting from the intrusion of saline water from
the Salt Lake (salt playa) is evident. It is worth noting that only in sample number
13, located at the outlet of the aquifer, the mixing percentage is approximately
47%, which could be attributed to evaporation (the water table is about 2 meters
deep) and the discharge of saline water from the aquifer into the salt playa
(Mirzavand et al., 2020a). In the remaining samples, the results indicate no.



Significant mixing (mixing less than 7%) between the examined samples and the
salt playa. On the other hand, the mixing of saline and freshwater with deep saline
water is significant (up to 70% in some wells), which could be due to the
upcoming process and the extraction of deep saline water, as well as the movement
of saline water from the east toward the northeast of the aquifer (Figure 3 and
Table 3). It should be noted that this finding has previously been confirmed
through isotopic studies by Mirzavand (2018) (Mirzavand, 2018).

Conclusion

In this study, the quality of groundwater affected by saltwater intrusion and the
theoretical percentage of mixing between saline and fresh groundwater in the
Kashan Plain were investigated. Analysis of TDS values and key ions revealed that
the eastern and northeastern parts of the aquifer have the highest salinity levels,
while the western and southern parts exhibit better water quality. The results also
indicated that the groundwater quality in the Kashan Plain is significantly
influenced by mixing processes with saline sources. Hydrogeochemical
investigations and ionic composition analysis of the aquifer demonstrated that the
salinity is primarily caused by excessive extraction of deep saline water and the
upconing process, rather than direct intrusion of saline water from the salt playa.
The calculation of the theoretical percentage of mixing between saline and
freshwater confirmed that deep saline water plays a major role in the salinity of the
aquifer in most wells in the region. Additionally, the water quality indices
GWISWI and GWISI showed that mixing is the dominant process affecting
changes in groundwater quality in this area. However, GWISI, which incorporates
bromide ions, provides higher accuracy in classifying fresh and saline water
compared to GWISWI. Overall, the results of this study highlight the importance
of sustainable groundwater management to prevent the spread of salinity and
preserve the quality of the Kashan Plain aquifer. It is recommended that controlled
extraction of water resources, reduced exploitation of deep saline water, and
precise monitoring of salinity changes be considered as key strategies.
Furthermore, complementary studies using isotopic methods and numerical
modeling can provide a better understanding of the dynamics of saline and
freshwater flows resulting from mixing with deep saline water.
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Table 1. Results of Hydrogeochemical Analysis of the Investigated Water Resources (Ppm)
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Table 2. Results of the Evaluation of the Groundwater Quality Index Affected By Saltwater
Intrusion Using the GQISWI Index and the GQISI Index.
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Fig. 2. Diagram of the Theoretical Mixing Percentage of Saline and Fresh Water in the Kashan Plain
Based on the Scenario of Saltwater Intrusion from the Salt Lake Into the Aquifer.
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Fig. 3. Diagram of the Theoretical Mixing Percentage of Saline and Freshwater Based on the Scenario of
Saltwater Intrusion from Deep Brine Water (Aquifer’s Bed).
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Table 3. Theoretical Mixing Percentage of Saline and Fresh Water in Each Well as a Result of
Deep Brine Water Mixing with the Upcoming Process.
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