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A B S T R A C T   

Study region: Bakhtegan Lake, southern Iran, is a “Wetland of International Importance” (Ramsar 
Site). 
Study focus: This study focuses on analyzing the time series of the lake’s inundation area, iden
tifying factors contributing to its shrinkage, and studying its hydrochemical characteristics. To 
map the inundation area, Landsat images from 1972 to 2019 were used and 64 water samples 
were collected from the lake during 2017–2019 for geochemical modeling. 
New hydrological insights for the region: The study reveals that the Bakhtegan Lake has become a 
seasonal lake with a long-term dry state since 2007. The lake’s inundation area shows a signif
icant correlation with the Kor River discharge, and the main reason for the lake’s shrinkage is a 
decrease in river inflow due to over-exploitation in the basin and construction of two new dams 
since 2007. The lake water and brine below the lake bed have TDS concentrations varying be
tween 70000 and 451000 mg/L and 118000–373000 mg/L, respectively. The Gibbs, Na- 
normalized ratio end-member diagrams show that the lake water chemistry is mainly 
controlled by evaporation. The saturation index indicates that brine samples were in an equi
librium state with gypsum, halite, and glauberite. The Spencer diagram and evolutionary 
pathway model suggest that water samples shifted toward natural sulfate-rich minerals during 
evaporation. The lake water evolution model predicts precipitation of halite, kieserite, and 
carnallite minerals during progressive evaporation.   

1. Introduction 

Playas, or dried lakes, often occur in semi-arid and arid climates due to a negative balance between evaporation and precipitation 
(Yechieli and Wood, 2002). Recently, over 70% of lake shrinkages have occurred in Asia, especially in the Middle-East, due to human 
activities and drought (Micklin, 2016). These lakes are experiencing ecological changes due to both natural and anthropogenic ac
tivities. Numerous studies have discussed the main factors contributing to lake shrinkages worldwide. Effective monitoring of lake 
inundation areas helps to understand the causes of degradation. Recently, remote sensing, specifically the Landsat-series satellites, has 
been used extensively to monitor the long-term dynamics of lake extents (Zhu et al., 2022). The normalized difference water index 
(NDWI) is widely applied to study lake inundation areas (Liu et al., 2018; Zhou et al., 2019; Wang et al., 2022). Cao et al. (2021) 
applied Landsat series satellite remote sensing data from 1973 to 2019 in combination with the NDWI water body index threshold 
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method to obtain a 46-year area dataset for the Hongjiannao Lake. Their results showed that the shrinkage of the Hongjiannao Lake is 
mainly caused by anthropogenic factors, followed by natural factors. 

Hydrochemical investigations on diminished lakes offer vital insights into ecological changes, hydrochemical reactions, and the 
processes that govern them. However, research on hydrochemistry on shrunken lakes with extreme evaporitic conditions is relatively 
rare. The sources of salinity were determined by measuring major ions and stable isotopes, such as δ18O and δ2H (Fan et al., 2018; 
Franco et al., 2020). Khosravi et al. (2018) studied the chemical evolution of brine in Maharlu Lake, Iran, during both wet and dry 
seasons. Their findings revealed that the degree of evaporation and the precipitation-dissolution of salt minerals in the lake bed are the 
primary factors influencing the chemical compositions of the lake water and sediment pores. 

Otálora et al. (2020) studied the evaporation sequence in Salar de Atacama, Chile, using a combination of in-situ, laboratory, and 
modeling techniques. Their findings revealed that the brines exhibit density stratification, with significant gradients in salinity, 
temperature, pH, dissolved oxygen, and oxidation-reduction potential. These vertical gradients, as well as lateral and seasonal vari
ations, are the primary factors influencing chemical variability and controlling precipitation processes. Furthermore, evaporation of 
these brines results in chemical transformation of various ions and leads to the formation of macrocrystalline gypsum precipitates 
surrounded by a crystalline crust composed of chlorides, sulfates, and borates. 

Iran has abundant wetland resources, with 25 sites designated as “Wetlands of International Importance” (Ramsar Sites), covering a 
vast surface area of 1.488 million hectares. Among these sites are the Bakhtegan and Tashk Lakes in south-central Iran, ranking as the 
second-largest inland lakes (Fig. 1). The lakes and their surrounding marshes were officially recognized by the Ramsar Convention as 
the Neiriz Lakes and Kamjan Marshes in 1975 and became a national park in 1995 (Ramsar Convention, 2023). 

In addition, the Bakhtegan and Tashk lakes have been designated in the Montreux Record since 1990, with the risk that their 
ecological character will change. 

The Bakhtegan-Tashk national park is home to a diverse range of wildlife, including 86 mammal species, 218 bird species, 30 
reptile species, and 23 fish species (Fotooli, 2002). During the winter season, the lakes serve as a temporary habitat for 95 migratory 
bird species from the Caspian Sea, Lake Urmia, and Siberia. The water supply for the Bakhtegan and Tashk Lakes primarily comes from 
the perennial Kor River. Noori et al. (2021) concluded that the Bakhtegan basin is a hotspot with respect to groundwater depletion in 
Iran. However, due to excessive groundwater extraction from agricultural wells, diversion of the Kor River through new channels, and 
the construction of Mollasadra and Sivand reservoirs, the Bakhtegan and Tashk Lakes have experienced significant shrinkage since 
2007. This, combined with drought conditions, has transformed the once-permanent lake into a seasonal one (Vahidipour et al., 2021). 
In the wet season, the deep parts of the lakes receive water through rainfall and flood events. The study area exhibits a pan evaporation 
rate that is 11.8 times higher than the precipitation rate. As a consequence, the lakes completely disappear during the dry season due to 
the intense process of evaporation, leading to the formation of a salt crust that covers more than 74% of the lake’s surface (Mohammadi 

Fig. 1. Geological map of the Bakhtegan-Tashk Lakes.  
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et al., 2020). The dissolution of salt deposits causes extreme salinity in the lake water and groundwater below the lake beds. The 
average TDS (total dissolved solids) of the lake water has increased from 45,000 mg/L in 2007–256,000 mg/L in 2018 (Vahidipour 
et al., 2021). The main factors contributing to the rising TDS since 2007 include the decreased the Bakhtegan Lake inflow as a result of 
drought, the construction of two dams in the Bakhtegan Lake catchment area which restrict inflow into the Bakhtegan Lake, and the 
excessive exploitation of aquifers by wells in both the Bakhtegan Lake catchment area and coastal regions. 

The shrinkage of the Bakhtegan has led to high concentrations of As, Mo and Hg in the sediment and water of the lake (Vahidipour 
et al., 2022). Saline lake water and groundwater in the sediments flow from the lake toward the adjacent coastal aquifers (Vahidipour 
et al.,2021). Salinity measurements of agricultural wells along the shoreline parts of the coastal aquifers show concentrations higher 
than 13000 mg/L. Active brine intrusion occurs in the coastal aquifers due to the aggressive landward groundwater flow direction 
(Vahidipour et al., 2021). 

No systematic investigations have been conducted yet regarding the shrinkage of the Bakhtegan Lake. The hydrochemistry of the 
lake has not been extensively studied. Löffler (1961) conducted a limnological study and measured the major ions of the lake water. 
Further research is needed to understand the hydrochemistry of lake water after shrinkage and evaporate mineral changes sequence 
through time series measurements. The objectives of this study are: (i) to extract annual lake maps of the Bakhtegan Lake from 1972 to 
2019 using a water indices-based water body mapping algorithm, all the available Landsat images, and the cloud computing platform 
ENVI software, (ii) to investigate the underlying causes of changes in lakes including both natural and anthropogenic factors, (iii) to 
conduct a comprehensive analysis to assess the origin, and the hydrochemical characteristics of the water and their controlling factors, 
and finally, (iv) to assess the evolution of evaporation brine using a combination of field data and hydrochemistry thermodynamics 
modeling to determine the sequence of minerals based on measured data modeling. This study aims to provide a better understanding 
of the composition and evolution of the Bakhtegan Lake, which serves as an example of a closed system in an arid environment. 

2. Study area 

2.1. Geology 

The Bakhtegan Lake (29◦13′ to 29◦50′ N and 53◦15′ to 54◦10′ E) is situated in Fars Province, southern Iran (Fig. 1). Based on 
sedimentary, tectonic, and magmatic characteristics, it is positioned between two regions, namely the High Zagros Zone and the 
Ophiolitic Zone. The High Zagros Thrust Belt is approximately 80 km wide and is bounded by the High Zagros Fault and the Main 
Zagros Thrust (Berberian, 1995). The northern, southern, and western parts of the study area are predominantly composed of karstic 
formations such as dolomite and limestone, while the central and eastern parts consist of Ophiolitic rocks (Fig. 1). In the dry months, 
the surface crust of Bakhtegan-Tashk Lakes bed can be classified into five categories, going from the center to the coast respectively: 
pure salt, clay salt, salty soil, soil without salt, and sand dunes (Mohammadi, 2020). 

Fig. 2. Monthly variation of average rainfall from 1968 to 2018 and potential evaporation from 1976 to 2018 at the study area.  
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2.2. Hydrology 

The Tashk and Bakhtegan lakes, along with their catchment areas, cover approximately 410, 850, and 27180 km2, respectively. The 
only river that recharges the lake is the Kor River. The elevation of the study area ranges from 1543 to 2930 m above sea level (m.a.s.l). 
The Bakhtegan Lake experiences an arid climate with an average annual precipitation of 232 mm, ranging from 68 to 441 mm. The 
average annual pan evaporation is 2750 mm and the average air temperature is 19ºC. Precipitation primarily occurs between 
November and May, while the minimum rainfall is observed from June to October. Fig. 2 illustrates the monthly mean rainfall 
variability from 1968 to 2018 and the potential evaporation from 1976 to 2018 in the study region. Potential evaporation consistently 
exceeds rainfall, particularly during the dry season. The dryness value, obtained by dividing potential evaporation by precipitation, 
was 11.8, indicating extensive evaporation in the study area. 

The annual average discharge of the Kor River into the Bakhtegan Lake was 13.6 m3/s between 1997 and 2007. However, since 
2007, the annual average discharge has significantly decreased to 0.9 m3/s due to groundwater overexploitation, drought, and the 
construction of two new dam reservoirs in the Kor River basin (Vahidipour et al., 2021). The Doroudzan, Mollasadra, and Sivand 

Fig. 3. Water sampling sites and lake water areas in the different sampling periods.  
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reservoir dams, were built in the Kor River basin in 1972, 2006, and 2006, respectively, with a total effective capacity of 1285 million 
m3. Numerous diversion channels divert water from the Kor River for agricultural purposes throughout its branches. Six old diversion 
dams have converted the downstream basin into farmland, but currently, no water is being carried due to upstream overexploitation 
(Torabi et. al, 2017). The primary water sources for the Bakhtegan Lake are the Kor River directly, a channel in the southern Kor River, 
and various natural drains from the adjacent highlands. The Kamjan Marsh area covers 100 km2 and consists of both perennial and 
seasonal marshes along the Kor River. However, extensive drainage of the marsh for rice farming has resulted in the conversion of a 
large portion of the Kamjan Marshes into agricultural land since 1967. Approximately 52.5 km2 of the Kamjan Marsh remains intact 
(Vahidipour et al., 2021). 

3. Materials and methods 

3.1. Lake-surface area mapping 

Numerous studies have utilized satellite images to effectively monitor the changes in lake inundation and hydrological fluctuations 
in remote regions (Adams and Sada, 2014; Scuderi et al., 2017). In this study, a total of 63 Landsat scenes from TM, ETM+, and OLI 
sensors were downloaded and analyzed using the United States Geological Survey (USGS) Earth Explorer platform (https:// 
earthexplorer.usgs.gov/) for the years between 1972 and 2019. The selected Landsat scenes covered Path number: 174, Row num
ber: 40 (1972–1982) and Path number: 162, Row number: 162 (1982–2019). To represent the dry and wet seasons in the study area, 
the months of October and May were chosen from the complete database to extract the areas of lake water. The downloaded scenes 
were preprocessed using ENVI 5.3 software, which included radiometric calibration, quick atmospheric correction (QUAC), and gap 
filling for Landsat 7 ETM+ scenes to minimize radiometric, atmospheric and device errors. The area of interest, the Bakhtegan Lake, 
was selected through spatial subset selection from each full scene. 

The NDWI was utilized to identify water bodies by analyzing green and NIR wavelengths, as defined by McFeeters (1996). The 
formula for NDWI calculation is as follows: 

NDWI =
Green − NIR
Green + NIR

(1) 

In this equation, Green and NIR represent the surface reflectance values for the green and near-infrared bands, respectively. Many 
studies have established threshold values for water body extraction, ranging from NDWI > 0.2 to NDWI > 0.5. A value of NDWI > 0.2 
indicates shallow water, while NDWI > 0.5 represents deep water (Ismail et al., 2022; Ullah et al., 2022; Zhu et al., 2022). Considering 
that the Bakhtegan Lake has a maximum depth of 3 m, a threshold of NDWI > 0.2 was used to identify the lake water bodies. To track 
changes in the inundation area over time, polygon shapefiles were employed in ArcGIS_ v.10.3 to calculate the water body area. These 
processes resulted in a time series depicting the lake’s inundation area with seasonal resolution over the past 47 years. 

3.2. Water sample and preservation physical and chemical analyses 

A total of 64 water samples were collected between May 2017 and May 2019, consisting of 36 lake water samples, 18 groundwater 
below lake bed samples, 8 well samples from the adjacent aquifer, and 2 spring samples (Fig. 3). The characteristics of these samples, 
including the sampling date, type, and number of samples, as well as the major ions and TDS, are presented in Table1 and Table S1. To 
ensure proper storage, the water samples were placed in pre-cleaned polyethylene bottles and kept at a temperature of 4 ◦C in thermal 
boxes. Within 24 hours of sampling, the samples were transported to the laboratory for analysis. 

Two water samples were collected at each sampling station. The pH of each water sample was measured on-site using a portable 
device (Waterproof CyberScan PCD 650 – Eutech). A total of 64 water samples were analyzed at the Hydrochemistry and Tracing 
Laboratory of the Department of Earth Sciences, Shiraz University, Iran, for the major ions including Na+, K+,Ca2+, Mg2+, Cl− , HCO−

3 

and SO2−
4 , as well as the TDS. The concentrations of Ca2+, Mg2+ and HCO−

3 were determined using the titration method (APHA, 
1998). The concentrations of Na+, K+ were measured using the standard F-AAS method (BWB model), while chloride contents were 

Table 1 
Sample dates, types, and number of samples for chemical analyses of the major ions (Ca2+, Mg2+, Na+, K+, SO2−

4 , HCO−
3 and Cl− ), trace elements (Li+, 

Rb+, Cs+and Sr2+) and TDS.  

Date No of samples analysis for major ions No of samples analysis for trace elements  

Lake water GW Well Spring Lake water GW Well 

05-May-2017  11      2  4     
27-May-2017  7  4  1         
10-Jun-2017  5  4  1    4  3   
01-Jun-2018    3  3         
10-Oct-2018    7  3      4  2 
17-Feb-2019  7             
05-May-2019  6             

GW: groundwater below lake bed samples. 
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measured using Mohr’s method (APHA, 1998). TDS values were obtained through the evaporation method, and SO2−
4 was analyzed 

using a spectrophotometric technique with the Hach DR/3000 Spectrophotometer (APHA, 1998). 
A total of 17 water samples were analyzed for the trace elements of Li+, Rb+, Cs+ and Sr2+. This included 8 surface water samples, 

collected in the period from May 2017 to June 2017, 3 groundwater samples from below the lake bed in June 2017, 4 groundwater 
samples below the lake bed along transact AB from the center of Bakhtegan Lake toward the adjacent aquifer in October 2018, and 2 
samples from wells in the adjacent aquifers in October 2018 (Table 1 and Fig. 3). The water samples were collected in dark poly
ethylene bottles that had been pre-cleaned, then filtered through a 0.45 µm filter and acidified with 65% nitric acid to achieve a pH of 
less than 2. The trace ions were measured using the ICP-MS method (Perkin Elmer Sciex ELAN 6100) at ACT Labs in Ontario, Canada. 

3.3. Data quality assurance (QA) and quality control (QC) 

To assure the quality of the chemical analyses, the ion charge balance was calculated. The ion charge balance ranged from 0.9 to 6, 
with an average of 3. For trace ions, QA and QC were calculated using blank reagents, duplicate samples, and the certified reference IV- 
STOCK-1643 for water. The precision of the evaluations, measured as the relative standard deviation, varied between 0.2% and 5% for 
the water samples. Standard and duplicate samples were used to assess the accuracy of the analyses. The percentage of recoveries for 
the water samples ranged from 96% to 110%. 

3.4. Geochemical assessment methods 

Piper Diagram: The Piper diagram is a ternary diagram that plots the percentage of major cation and anion concentrations in meq/ 
L. It consists of two triangular diagrams that are projected onto a central diamond diagram (Piper, 1944). The AqQA software v 1.1.1. 
was used to construct the Piper diagrams for the analysis of the hydrochemical properties and the water type. 

Gibbs diagram: Gibbs (1970) proposed a semi-logarithmic plot of TDS concentrations against the weight ratios of Cl− /(Cl− +

HCO−
3 ) or Na+/

(
Na++Ca2+) to gain insight into three major end-members controlling the surface water chemistry by analyzing 

many surface waters, such as river, lake, ocean and rain samples: (1) atmospheric precipitation: the low TDS values (TDS of about 
10 mg/L), and high ratios of Cl− /(Cl− + HCO−

3 ) or Na+/(Na++Ca2+) (approximating to 1); (2) evaporation-crystallization: high TDS 
values and high ratios of Cl− /(Cl− +HCO−

3 ) or Na+/(Na++Ca2+) (approximating to 1); and (3) rock weathering: medium TDS values 
(between 70 and 300 mg/L), and low ratios of Cl− /(Cl− + HCO−

3 ) or Na+/(Na++Ca2+) (< 0.5) (Stallard and Edmond, 1983). 
Ratios of major ions: Ratios of major ions were used to identify relationships among major ions and understand geochemical 

processes. Data for the three-component end-members, namely carbonates, silicates, and evaporites, were obtained from Gaillard et al. 
(1999). 

Saturation Index (SI): The SI is a method that can determine the mineralogy of water samples without analyzing the mineralogy of 
the solid phase (Deutsch, 2020). By measuring the saturation state of related mineral phases such as carbonates, sulfates, and chlorides, 
the SI provides valuable information about the evolution of water and the precipitation of minerals. Available measured data can be 
used to evaluate the saturation state of these mineral phases. In theory, as water evolves through processes like evaporation, the 
concentration of ions increases, leading to the precipitation of minerals. This precipitation typically starts with carbonates, followed by 
sulfates, and finally halite (Meredith et al., 2009). The SI is calculated using the following equation: 

SI = log(
IAP
Ksp

) (2) 

In the dissolution reaction, IAP represents the ionic activity product, while Ksp stands for the solubility product. The SI values range 
from − 0.5 to + 0.5, indicate saturation or equilibrium (Levy and Amrhein, 2011; Han et al., 2014). SI values above + 0.5 indicate 
oversaturation and result in removal from the solution. Conversely, SI values below - 0.5 indicate unsaturation, causing minerals to 
dissolve in the solution (Otálora et al., 2020). The SI values of the water samples were determined using IPHREEQC v3.3.12–12704 
(Parkhurst and Appelo, 2013). 

Spencer diagram: To improve the distinction of brine concentration due to the occurrence of evaporation, the Spencer triangular 
diagram (Spencer, 2000; Li et al., 2020) was applied. This triangle represents the ternary system Ca2+- SO2−

4 - alkalinity, based on 
Hardier and Eugster’s "chemical divides" model (1970), which predicts the water evolution trajectory (Jones and Deocampo, 2003). A 
triangular diagram was constructed using the AqQA software to evaluate water evolution. 

Chemical model of evaporation: For inferring the water evaporation evolution, hydrochemical investigations and simulations were 
conducted using IPHREEQC interactive v3.3.12–12704 (Parkhurst and Appelo, 2013) with the Pitzer database (Parkhurst and Appelo, 
1999). 

4. Results and discussion 

4.1. Time series of the lake inundation area 

Before its shrinkage, the Bakhtegan Lake existed in its natural state where the primary sources of water were the Kor River and 
direct floodwater flow into the lake. Additionally, the water levels of the aquifers surrounding the Kor River were higher than that of 
the river itself, resulting in significant amounts of groundwater seeping into the river, and ultimately, discharging into the lake. The 
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Fig. 4. (a) Precipitation at the Shiraz station from 1923 to 2015, (b) Calculated surface runoff from 1970 to 2017, (c) Kor River discharge from 1973 
to 2019, and (d) The lake-surface area (km2) curve for the Bakhtegan Lake from 1973 to 2019. 
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traditional dams constructed on the Kor River had a lower total effective capacity compared to the current conditions, as they were 
mainly used for agricultural purposes and returning water back to the river. 

The fluctuation of the lake’s inundation area during the wet (May) and dry (October) seasons from 1972 to 2019 is depicted in  
Fig. 4d. Landsat images clearly illustrate the growth and shrinkage of the lakes over time. A comparison between the lake areas in May 
and October reveals that the water body expands during wet seasons and contracts during dry seasons. The lake’s inundation area 
reached its maximum surface area of approximately 837 km2 in 1993, a wet year, but decreased to zero in October 2000, 2001 and 
2003 due to dry years and drought. In the dry season, the inundation area completely dried up, while in the wet season, it was less than 
50 km2 from 2007 to 2019. Since 2007, the lake has only received direct precipitation on its surface as the discharge from the Kor River 
has stopped for twelve consecutive years. 

4.2. Cause of the Bakhtegan Lake shrinkage 

The potential factors contributing to the shrinkage of the Bakhtegan Lake include both climate change and human activities. This 
study considers annual precipitation as measures of climatic factors, and the construction of dams and overexploitation of groundwater 
in the catchment area as measures of human activities. Therefore, the main factors leading to the shrinkage of Bakhtegan Lake are 
discussed categorically as follows: (1) change of climate factors and drought, (2) decreasing the Kor River discharge, (3) construction of 
dams, and (4) overexploitation by wells. 

4.2.1. Change of climate factors and drought 
The precipitation time series for Shiraz meteorological station from 1923 to 2015 is depicted in Fig. 4a. The mean annual pre

cipitation in the region is 232 mm, with a peak of 754.7 mm during 1955 – 1956, and a minimum of 82 mm during 1965–1966. While 
there have been several wet and dry years based on precipitation, none have been more severe than the recent droughts. The natural 
process of dry and wet years has been ongoing, as evidenced by the average annual rainfall of 244 mm during the dry years within the 
1957 – 1958 rain-year to the 1978 – 1979 rain-year, also, average annual rainfall was 244 mm from 2007 to 2008 rain-year to 2015 – 
2016 rain-year. Lake shrinkage cannot be solely attributed to climate change in the past decade, similar to the dry years from 1957 to 
1982, when the Bakhtegan Lake decreased in size but did not disappear entirely. Based on the obtained data from the Bakhtegan Lake 
regional station, there have been no sudden or significant changes in climate factors in the study area over time. 

4.2.2. Decreasing the Kor River discharge 
The time series data of annual average discharge of the Kor River at Jahanabad and Hassanabad stations, which are the closest 

hydrometrical stations to the Bakhtegan Lake, are presented in Fig. 4b for the period from 1972 to 2019. The data shows that the Kor 
River discharge fluctuated in accordance with wet and dry years from 1972 to 2007. However, there was only one instance where the 
river discharge stopped during the dry years of 2000–2001. In 2007, the discharge of the Kor River into the Bakhtegan Lake reached 
almost zero, and since then, no water has entered the lake from the Kor River for the past 12 years, from 2007 to 2019. 

Furthermore, the annual average Kor River discharge was compared to the lake’s water inundation area from 1972 to 2019, 
revealing a strong correlation (r2 = 0.77) between the two. 

The time series of calculated runoff are presented in Fig. 4b. The maximum and minimum runoff inflow were calculated to be about 
190.9 million m3 and 29.4 million m3 in 1994 and 1970, respectively. The river inflow has dried up since 2007, and the lake water has 
been mainly supplied by precipitation and surface runoff. This finding demonstrates that the peaks in the water volume increase 
correspond to the highest precipitation and surface runoff. 

4.2.3. Construction of dams 
The impoundment of two new dams, the Sivand and Mulla Sadra, began in 2006. It can be inferred that these dams led to a sig

nificant decrease in the inflow of the Kor River into the Bakhtegan Lake. 

4.2.4. Overexploitation by pumping wells 
Global groundwater assessments rank Iran among the countries with the highest groundwater depletion rates (Noori et al., 2021 

and Maghrebi et al., 2021). The Bakhtegan basin is the most important agricultural hub in Fars province. Although the construction of 
dams and drought have played a role in the shrinking of Bakhtegan Lake, the main factor remains overexploitation by wells. In the 
years of 2004 (wet) and 2009 (dry), the discharges of wells in the basin were 2800 million m3 and 2700 million m3, respectively. In 
2018, it decreased to 1300 million m3. This indicates that the excessive use of agricultural wells and the direct installation of pumps on 
the river are the primary reasons for the complete shrinkage of the lake. These activities have caused the groundwater table to drop 
below the river bed, preventing groundwater from seeping into the river. 

The direction of groundwater flow in the coastal aquifers of Bakhtegan Lake is shown in Fig. S1 (Vahidipour et al., 2021). In the 
years of 2004 (wet) and 2009 (dry), the discharges of wells in the basin were 440 million m3 and 411 million m3, respectively. In 2018, 
this further decreased to 235 million m3. The overexploitation of aquifers adjacent to the Bakhtegan Lake has resulted in a reversal of 
the natural groundwater flow direction. As a result, there is no longer any groundwater flow from the coastal aquifer recharge into the 
lake. The indiscriminate extraction from these aquifers has caused a shift in the direction of groundwater flow, diverting it away from 
the lake and towards the adjacent aquifers. 
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4.3. Chemical composition of the Bakhtegan Lake 

The concentrations of major and trace ions are presented in Table S1. The ionic balance error ranges from 0.24% to 6.2%. The 
content of major ions, measured in meq/L, follows the order of Cl− > SO2−

4 > HCO−
3 for anions and Na+ > Mg2+ > Ca2+> K+ for 

cations. The TDS values of the lake water range from 70000 mg/L to 451000 mg/L, with the lowest values observed during post- 
rainfall sampling in March and the highest values found in the central parts of the lake where there is a maximum salt deposit, 
particularly pure salt and clay salt surface crusts. The TDS content increases as the salts become more concentrated in the water due to 
evaporation, even resulting in the disappearing of the water bodies from May to June. The TDS content of brine samples below the lake 
bed vary from 118000 mg/L to 373000 mg/L, gradually increasing from the shoreline towards the central parts as depth to water table 
decreases and evaporation effects increase. The TDS found in brine samples taken from below the lake bed are lower than those found 
in the lake water. This can be attributed to the diminishing effect of evaporation as the depth to the water table increases. The TDS 
values of wells in adjacent aquifers range between 2200 mg/L and 12900 mg/L. Saline wells are located near the shoreline in the 
brackish zone area, indicating that lake water infiltrates the groundwater in adjacent aquifers. On the other hand, freshwater wells are 
situated far from the coast and are recharged by freshwater from karstic formations. The springs had TDS concentrations ranging from 
500 mg/L to 4850 mg/L. An increase in salinity observed in one of the springs suggests that it has been affected by saline water 
intrusion. 

The hydrochemical facies and variability of water types in the samples are depicted in the Piper diagram of 1944 (Fig. 5a and b). 
The transition, from being fresh to becoming saline, indicates that only a few water samples remain within the freshwater zone, while 
the majority are subjected to salinization. Generally, the chemical compositions of the lake water, the brine beneath the lake bed, and 
the wells indicate Na-Cl water type. However, there are exceptions, such as one sample of lake water in June, two wells, and one spring 
near the shoreline, which all exhibit Mg-Cl type. The chemical composition of springs adjacent to the karstic formations is charac
terized by Mg-HCO3 type. In the anion diagram, all water samples, except for one spring fall close to the Cl− apex where Cl− values, 
exceeded 80%, indicating the predominance of Cl− in the samples. The cation plot reveals that most samples fall in the lower right 
corner, indicating the dominance of Na+. In the lake water with increasing TDS, Na+ concentration decreases and the samples shift 
from the Na+ apex towards the Mg2+ apex due to increased evaporation intensity from May to June (Fig. 5a). This can be attributed to 
certain ions, such as Mg2+, Li+, K+, Br− , and Cl− that behave conservatively and do not participate in salt evaporate, remaining in 
solution during evaporation (Brantley et al., 1984). Samples from brine below the lake bed align closely to the sodium axis. The 
amount of Na+ decreases, while Mg2+ + Ca2+ increases in wells from the shoreline towards the center of the aquifer, indicating the 
intrusion of brine below the lake bed into coastal aquifers (Fig. 5b). 

4.4. Mechanisms controlling hydrochemical features 

As depicted in Fig. 6, the evaporation process plays a crucial role in the development of lake water and brine beneath the lake bed 
samples, which exhibit high TDS and a high ratio of Na+/(Na++Ca2+) and Cl− /(Cl− +HCO−

3 ) (approximating to 1). Generally, the lake 
water and brine beneath the lake bed samples fall into the upper right section of the Gibbs plot, indicating a clear influence of 

Fig. 5. Piper diagram of (a) lake water, (b) the groundwater below lake bed, and water of the wells and springs in the study area.  
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evaporation-crystallization on the chemical evolution of brine. Consequently, this process leads to a TDS concentration that is 12.8 
times higher than that of actual seawater. The wells and one of the springs also demonstrate a distinct intrusion trajectory of lake 
water, particularly near the coast. Additionally, another spring and two well samples located far from the shoreline align with the 
water-rock interaction end-member, suggesting that the composition of major ions was primarily influenced by natural factors such as 
rock weathering. The results from the Gibbs diagram confirm that the Bakhtegan Lake samples are predominantly controlled by 
evaporation-crystallization, as expected. From a climatological perspective, intense radiation, significant evaporation rates, and 
minimal rainfall contribute to brine concentration. 

The ratio of Na+ to Cl− and the relationship between Na+ and Cl− are crucial factors for determining the sources of these ions. If 
both ions originate from the dissolution of halite, the Na+/Cl− ratio should be equal to 1. However, if the ratio deviates from 1, it 
suggests that other sources contribute to the presence of these ions (Gil-Márquez et al., 2017; Jia et al., 2020). Figs. 7a and 7b 
demonstrate that all samples align with the halite dissolution line (1:1 relationship line). Specifically, for the March and May samples, 
sodium increases proportionally with chloride, indicating a common origin for these two ions (Fig. 7.a). This suggests that halite 
dissolution elevates both Na+ and Cl− concentrations during the early stages of evaporation. In contrast, the higher concentrations of 
Cl− relative to Na+ in the June samples indicates conservative behavior of Cl− due to evapoconcentration processes. Furthermore, 
it suggests a decrease in Na+ and Cl− concentrations in solution during the later stages of evaporation due to halite precipitation. It is 
worth noting that approximately 74% of the surface bed of Bakhtegan and Tashk Lakes are covered by pure salt and clay salt crusts 
(Mohammadi, 2020). This implies that evaporation primarily leads to halite accumulation in the deeper parts of the lakes. In the 
process of dissolution, highly soluble minerals dissolve first while less soluble salts remain in solid form. Consequently, after a 
dissolution-evaporation cycle, water contains ions derived from highly soluble salts (Drever, 1997). Therefore, it can be inferred that 
halite dissolution is the primary source of sodium and chloride in the lake. 

The molar Ca2+/Na+ against Mg2+/Na+ plots and HCO−
3 /Na+ against Mg2+/Na+ end-member diagrams, proposed by Gaillardet 

et al. (1999), are used to differentiate the sources of ions resulting from carbonate weathering, evaporate dissolution, and silicate 
weathering in an area with complex lithology (Jiang et al., 2015; Zong-Jie et al., 2018; Liu et al., 2021; Wu et al., 2020; Shen et al., 
2021). The primary sources of ions in water are categorized into evaporite dissolution (such as halite and gypsum), silicate weathering 
(including Ca-plagioclase, feldspar, and olivine), and carbonate rock (such as calcite, aragonite, and dolomite) (Li et al., 2020b). 

Different types of rocks undergo weathering processes that result in distinct combinations of ions being released into a solution. For 
example, Ca2+ and Mg2+ primarily originate from the weathering of carbonates, evaporites, and silicates, while Na+ and K+ come 
from the weathering of both silicates and evaporites. HCO−

3 is derived from silicates and carbonates, while Cl− and SO2−
4 are sourced 

from evaporites (Chen et al., 2002). 
Here, all samples taken from the brine lake water and below the lake bed underwent evaporate dissolution, as shown in Figs. 7c and 

7d. This indicates that the evaporation process was dominant. Wells and spring samples were found to be situated between the car
bonate and evaporate end-members in Fig. 7c and d, suggesting that brine intrusion into adjacent aquifers resulted in groundwater 
salinization. 

According to Xiao et al. (2012), the Mg2+ content remains constant during salt precipitation or soil salt leaching in the initial stages 
of evaporation. Therefore, the Mg2+/Ca2+ versus Mg2+/Na+ ratios were used to differentiate between evaporation and soil salt 
leaching processes in certain regions (Xiao et al., 2012; Gao et al., 2017). Based on the Mg2+/Ca2+ versus Mg2+/Na+ diagram shown in 

Fig. 6. Gibbs diagrams of the water samples in the Bakhtegan Lake area. (a) TDS vs.Cl− /(Cl− + HCO−
3 ); (b) TDS vs. Na+/(Na++Ca2+) diagrams.  
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Fig. 7e, three groups can be identified among the water samples:  

1) The first group consists of lake water samples with low ratios of both Mg2+/Ca2+ and Mg2+/Na+ during the May and March 
sampling periods, indicating the dominance of salt leaching during the early stages after rainfall.  

2) The second group includes lake water and the brine below lake bed samples with high ratios of Mg2+/Ca2+ and low ratios of 
Mg2+/Na+, suggesting the dominance of evaporation during the evaporation process. 

3) The third group comprises well and spring samples with low Mg2+/Ca2+ ratios and high Mg2+/Na+ ratios, indicating the domi
nance of rock interactions. 

Fig. 7. (a) Na+ versus Cl− , (b) Na+/Cl− versus Cl− , (c) Mg2+/Na+ versus Ca2+/Na+, (d) HCO−
3 /Na+ versus Ca2+/Na+ and (e) Mg2+/Ca2+ versus 

Mg2+/Na+diagrams. The end member compositions of carbonate, silicate and evaporite in Figs. c and d are from Gaillardet et al. (1999). 
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Overall, these findings offer substantiation for the attainment of solutes through the process of evaporation evolution. However, it 
is important to note that the early stages of evaporation are influenced by the leaching of Na-salt, which impacts the compositions of 
the lake water samples. 

4.5. Major, minor ions and minerals evolution 

The evolution of major and minor ions and minerals was also examined in this study. Chloride was used as a measure of evapo
ration, and the behavior of major ions, minor ions, and TDS were investigated during changes in Cl− levels. Fig. 8 displays bivariate 
plots showing the relationship between Cl− and major ions (Na+, Mg2+, Ca2+, K+, SO2−

4 and HCO−
3 ), minor ions (Li+, Rb+, Cs+and 

Sr2+), and TDS, as well as seawater evaporation trajectories (Fontes and Matray, 1993). The TDS showed a strong correlation (r2 =

0.91) with Cl− (Fig. 8i). The concentrations of Na+ and Cl− increased over time, but decreased during the final stages of evaporation 
in samples collected in mid-June 2017 (Fig. 8b). According to Eugster and Maglione (1979), high levels of Cl− indicate the 

Fig. 8. Major and minor ions and TDS vs. Cl− as a function of the evaporation process. The red dashed line represents the evolution of seawater ions 
during evaporation. SW: Seawater, G: Gypsum, H: Halite, E: Epsomite, S: Sylvite, C: Carnallite, B: Bischofite (Fontes and Matray, 1993). 
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evapotranspiration process because Cl− is elevated during water body evaporation and is only removed during the last stages when 
halite minerals precipitate. The concentrations of Mg2+, SO2−

4 , HCO−
3 , K+, Li+, Rb+and Cs+ showed significant increase with Cl−

from May to June, suggesting continuous reactions with evaporates (Fig. 8a, d, e, f, g, j, and k). Mg2+ and K+ exhibited a strong 
relationship (r2 = 0.94) due to their conservative behavior in solution and their presence in Mg-K salt (potash), found in highly 
evaporated water with an evaporation degree exceeding 50 (Shalev et al., 2018). 

Furthermore, the dissolved ions of Li+, Rb+and Cs+ in brine exhibit a strong correlation with Cl− (as shown in Fig. 8g, j, and k). 
This suggests that Li+, Rb+ and Cs+ ions remain relatively stable in highly concentrated water. On the other hand, Ca2+ and Sr2+ ions 
show a decrease during the evapoconcentration process due to the precipitation of carbonate minerals from the solution. This forms the 
first chemical divide, with Ca2+ being the first to be removed from the water (Fig. 8c) (refer to Section 4.5.2). Additionally, Sr2+ is 
known to substitute for Ca2+ in the calcite mineral lattice (Fig. 8h). The behavior of major and minor ions indicates that almost all 
samples follow a similar trend as the seawater evaporation trajectory (SET). Therefore, samples in the early stages of evaporation tend 
to precipitate gypsum, while samples with a higher degree of evaporation in June are closer to halite precipitation in SET. 

4.5.1. Spencer triangle 
In this study, the Spencer triangle was utilized to enhance the differentiation of the geochemical evolution of brine concentration 

resulting from evaporation (e.g., Spencer, 2000; Lowenstein et al., 2016; Campodonico et al., 2019; Li et al., 2020) (Fig. 9). The 
triangle represents the ternary system Ca2+- SO2−

4 - Alkalinity based on the "chemical divides" model proposed by Hardie and Eugster 
(1970) for predicting the water evolution trajectory (Jones and Deocampo, 2003). 

Since alkaline-earth carbonate minerals are primarily precipitated from solutes, this model determines the water composition 
during evaporation processes as a sequence of chemical divides, starting with calcite mineral precipitation. Consequently, in the 
Spencer triangle, chemical divides from calcite towards sulfate and calcite towards gypsum define three distinct sub-triangles for saline 
waters: neutral, alkaline, and Ca–Cl type (Fig. 9). Each zone is named based on the principal solutes removed in the final solution. 

The lake water is distributed in the neutral fields on the Spencer triangle (Fig. 9). In March and early May, the lake water samples 
shift towards the Ca2+- SO2−

4 axis, resulting in the precipitation of gypsum. As time progresses, especially in late May and June, the lake 
water samples evolve towards the SO2−

4 apex. The lake water, which undergoes progressive evaporation, becomes enriched in SO2−
4 

content and moves towards the deposition of K-Mg sulfate minerals (Fig. 9). 

4.5.2. SI 
The SI values of carbonate minerals (calcite, dolomite, magnesite, aragonite, and huntite), sulfate minerals (gypsum, anhydrite, 

epsomite, glauberite, goergeyite, and mirabilite), and chloride minerals (halite and sylvite) as a function of TDS concentrations are 
shown in Fig. 10. The SI values of all the studied minerals clearly increase as TDS increases, indicating an evolution trend. Among the 
carbonate minerals, calcite, dolomite, magnesite, aragonite, and huntite were found to be in an oversaturated state in both lake water 

Fig. 9. Spencer triangles for the forecasting solute evolution pathways in the Ca2+- SO2−
4 - (HCO−

3 + CO2−
3 ) system.  
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and the brine below the lake bed samples. This suggests that precipitation of carbonate minerals has occurred due to the supersatu
ration of Ca and Mg carbonates in these samples. Consequently, the precipitation of carbonate minerals resulted in a decrease in Ca2+

and HCO−
3 concentrations in the solution. 

Regarding sulfate minerals, based on the SI values, the lake water and brine below lake bed samples were found to be at a saturation 
state (− 0.5 < SI > 0.5) with respect to gypsum, anhydrite, and glauberite, particularly in samples with TDS greater than 300000 mg/L. 
However, they were found to be at an unsaturated state with respect to epsomite and mirabilite. 

Georgeyite precipitated in samples with high TDS. Gypsum, anhydrite, and glauberite were found to be in almost perfect equi
librium with the lake water. Therefore, it appears that these minerals are controlling the precipitation and dissolution processes. 
Among the chloride minerals, halite was found to be unsaturated in samples with TDS values less than 300000 mg/L. As TDS increased 

Fig. 10. Saturation index of minerals in the Bakhtegan Lake associated water samples.  

Fig. 11. Brine evolution diagram showing probable the Bakhtegan Lake evolution pathways of inflow waters (modified from Hardie and Eugster, 
1970; Risacher and Fritz, 2009). 
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due to evaporation, the halite SI indicated equilibrium with the solution phase. On the other hand, sylvite remained unsaturated even 
in the final stage of evaporation. It is worth noting that minerals at their saturation state, mainly in the early stage of evaporation, had 
negative SI values, suggesting continuous dissolution of gypsum, anhydrite, halite, epsomite, and sylvite. As time goes on, this leads to 
an increase in the concentrations of Cl− , Na+, K+ and SO2−

4 . However, halite precipitation in the final stage of evaporation will cause a 
decrease in Cl− and Na+ concentrations. In the well and spring samples, calcite and dolomite were found to be at saturation state, while 
the other minerals were unsaturated. 

4.5.3. Evolution pathway of the Bakhtegan Lake 
The evolution pathway of the Bakhtegan Lake, as proposed by Hardie and Eugster in 1970, is shown in Fig. 11. The pathway 

describes the chemical changes that occur in the lake’s waters during evaporation. Four different evolutionary pathways are 
considered: path of alkaline, path of sulfate-alkaline (direct or indirect paths), path of sulfate-neutral, and path of calcic. The 
composition of the inflow waters of the Bakhtegan Lake appears to be related to the path of sulfate-neutral. During evaporation, the 
chemical composition of water changes as follows: Alk < Ca2+ and SO2−

4 >Alk + Ca2+. This is due to the precipitation of calcite, which 
causes an increase in Ca2+concentration and a decrease in alkalinity. In the next stage of evolution, Bakhtegan Lake has a higher 
concentration of SO2−

4 compared to Ca2+, leading to gypsum precipitation. The chemical features of brines indicate further evolution 
towards deposition. Therefore, solution in the Bakhtegan Lake continues to evolve until it reaches its final composition of Na-Mg-SO4- 
Cl, which is represented by mirabilite-halite in Fig. 11. 

4.6. Geochemical evolution modeling 

Geochemical evolution modeling is a process that involves the study of water evolution in a closed lake. This process is influenced 
by various factors such as the composition of inflow, selective elimination of solutes, and precipitation of minerals (Eugster and Smith, 
1965; Hardie and Eugster, 1970; Eugster and Jones, 1979; Eugster, 1980). Brine evolution modeling focuses on the transformation of 
inflow waters into brine, which is regulated by brine concentration and evaporate precipitation. To simulate the brine evolution, a 
forward simulation was conducted at a temperature of 25◦C and PCO2 of 10− 3.4 using the PHREEQC software with Pitzer’s database 
(Risacher and Clement, 2001). The simulation results are presented in two parts: the concentration factor (CF) for solutes content 
(upper part of Fig. 12) and the amounts of precipitated mineral phases (lower part of Fig. 12). For this study, a lake water sample 
collected in June, with the highest evaporation degree and TDS content of 451000 mg/L, was used as the input water for the model 
(Fig. 12). The existing lake water content was concentrated through continuous removal of water while allowing precipitation of 
gypsum, halite, epsomite, kieserite, and carnallite. 

In the evaporation model, the lake water becomes saturated with gypsum. The concentrations of K+ and Mg2+, Cl− gradually 
increase until reaching a CF of 3.7. These solutes behave as conservative ions before starting to decrease due to the precipitation of 
halite, kieserite, and carnallite (Fig12). On the other hand, Na+, Ca2+, SO2−

4 , and especially Ca2+, participate in the precipitation of 
calcite, gypsum, and halite (Fig. 12b). 

In this model, calcite precipitated in the previous stage, and the increase in SI calcite was supported by previous studies conducted 
by Möller and De Lucia (2020). Gypsum became saturated initially, but eventually became unsaturated due to evaporation. Subse
quently, halite, kieserite, and carnallite appeared with concentration factors of 3.4, 3.7, and 5.4, respectively. The results obtained 
from the lake water with a concentration factor greater than 20 were deemed unreliable due to the high concentration of the sample. 
The assemblage of chloride and sulfate minerals in the predicted sequence of evaporate modeling indicates that extreme evaporative 
concentrations have an effect on lake water composition and mineral evolution similar to that of seawater evolution. However, during 
field investigations, halite minerals were found in the lake’s sediments while kieserite and carnallite were not observed. 

5. Conclusions 

The time series data of the inundation lake in the past 47 years reveals a significant decrease in the size of lake water bodies in the 
last 12 years, specifically from 2007 to 2019. Typically, these lakes reach their maximum size in May during the wet years and dry up 
during the summer months. For instance, Bakhtegan Lake’s water surface area has decreased from 512 km2 in May 1973 to only 
29 km2 in May 2019, transforming it into a seasonal lake between 2007 and 2019. The available hydrometric station on the river 
indicates that the water body area is directly influenced by the inflow of water from the river. Interestingly, the results suggest that 
precipitation is not the main factor contributing to this sharp decrease in lake area. Instead, reduction in groundwater water level due 
to overexploitation by pumping wells and the construction of two new dams play a more dominant role than precipitation. 

In order to gain a comprehensive and systematic understanding of the chemical compositions of the Bakhtegan Lake water and the 
factors that control its hydrochemistry, a total of 64 water samples were collected from the lake, the brine below the lake bed, springs, 
and wells in the adjacent aquifers. The main findings are as follows: The dominant water type in the lake is Na+- Cl− . Analysis of major 
and trace ions reveals a significant increase in SO4

2-, Mg2+, K+, Li+, Rb+ and Cs+ ions in the water samples with high levels of Cl-. On the 
other hand, Ca2+ and Sr2+ show a decrease due to the evapo-concentration process and precipitation of carbonate minerals. The major 
and minor ions in the water samples align with the seawater evaporation trajectory, indicating that samples with high evaporation 
undergo halite precipitation on the SET line. The Na–Cl diagram demonstrates that halite dissolution is the primary source of major 
ions in both lake water and the brine below the lake bed. Various chemical signature diagrams, such as Gibbs and Na-normalized ratio 
end-member, suggest that evaporation processes control the chemistry of the lake water. The ratios of Mg2+/Na+versus Mg2+/Ca2+
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highlight that salt leaching, particularly halite dissolution, is responsible for the elevated ion content after rainfalls in March and May. 
The Spencer diagram and evolutionary pathway indicate that the lake water tends towards the SO2−

4 apex, leading to the deposition of 
K-Mg sulfate minerals as evaporation progresses. Saturation index analysis reveals that carbonate minerals in the water samples 
precipitate, while samples with TDS levels exceeding 300000 mg/L are found to be in equilibrium with gypsum, anhydrite, glauberite, 
and halite. Lastly, according to a brine evolution model and simulated evaporation sequence, halite, epsomite, kieserite, and carnallite 
minerals are precipitated in the final stages of evaporation. The salinity enhancement of the lake water and the brine below the lake 
bed resulted in the flow direction being from the lake to all the coastal aquifers, such that the wells near the shoreline were shut down. 
Some of the heavy metals in the lake water and the brine below the lake bed are greater than the maximum concentration level. The 
transfer of these contaminants to coastal aquifers threats the life of people using the agricultural products in the future. It is recom
mended to monitor the salinity and the heavy metals of the Bakhtegan Lake environment. 
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