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Abstract

Salt playas are among the most important sources of groundwater salinity and contamination in arid and semi-arid regions.
In this study, the quality of groundwater in the Kavir-e Daranjir district was investigated using hydrochemical and statistical
methods. For this purpose, 52 samples were collected from the abstraction wells. These samples were analyzed using standard
methods to determine major ions, trace elements, and coliform bacteria. Spatial distribution maps of physicochemical param-
eters, bivariate diagrams, and ion ratios were used to identify factors affecting the salinity and contamination of groundwater.
Statistical methods, such as cluster analysis and factor analysis, were also used for this purpose. The results of this study
showed that chloride and sodium are the dominant ions in all water samples. The electrical conductivity has a wide range of
variations (1450-27,300 uS/cm) which indicates salinity and quality degradation of groundwater. Based on the ionic ratios
such as CI/HCO; and Na/(Na+ Cl), most groundwater samples are contaminated by saline water. Geochemical processes
such as groundwater mixing, dissolution of halite and gypsum, and reverse ion exchange have affected groundwater quality.
Groundwater nitrate concentration is consistent with fecal coliform bacteria, which indicates groundwater contamination
by the sewage of residential areas. The trace elements ratios such as Li/Cl and Br/Cl, also indicates that the groundwater
has been affected by domestic sewage and brines resulting from dissolution of halite. Multivariate statistical analysis such
as cluster analysis and factor analysis also confirm these findings. According to the results of this research, the control of
extraction from abstraction wells (to prevent further intrusion of saline water) and the collection and treatment of domestic
sewage plays an important role in the sustainable management of groundwater resources in the region.
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Introduction

In arid and semi-arid regions, because of the lack of water
resources, low and periodic rainfall, high rate of evapora-
tion, low groundwater recharge, and climate changes, the
management of groundwater resources faces numerous
challenges (Zare and Khaledian 2017). Salt flats and saline
groundwater are important environmental challenges in arid
climate countries. In these regions, preventing the degrada-
tion of natural water quality means finding a new source of
fresh water (Zarei et al. 2013). Groundwater salinization is
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an irreversible process (Amiri et al. 2020). The correct and
timely diagnosis of the origin of salinity plays an important
role in preventing the degradation of groundwater quality
and optimal management of water resources (Abdalla 2016).

One of the important factors in the salinity of freshwater
aquifers is natural saline waters (Falgas et al. 2009). The
removal of native vegetation, which consumes a large part
of the rainfall in semi-arid regions, causes the water level
to rise. This issue causes the salinity of the groundwater
because of the combined effect of the mobility of the salts
in the unsaturated zone, the leakage of saline water from the
underlying aquifers, and direct evaporation from the ground-
water, especially when the groundwater has a short distance
to the land surface (Cartwright et al. 2004). Several factors
cause groundwater salinization of arid regions. These fac-
tors include local cyclic salts (Cartwright et al. 2004), salts
in wind deposits (Acworth and Jankowski 1993), salts in
marine deposits (Dahlhaus et al. 2000), salt diapers (Bagheri
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et al. 2017), unsaturated zone salts (Cook et al. 1994), salt
playas (Mirzavand and Ghazban 2022) and salts resulting
from rock weathering (Chang et al. 2022). In numerous
cases, groundwater salinization results from halite dissolu-
tion. Halite dissolution is controlled by four factors (Johnson
1997): (1) a water source, (2) a salt deposit, (3) a drainage
point that receives the resulting brine and, (4) hydrostatic
pressure that causes water flow in the system. If these four
factors are met, the mixing of salt water and fresh water
will occur.

Groundwater overexploitation in arid and semi-arid
regions, successive droughts, and lack of sufficient recharge
to aquifers has caused the quantitative and qualitative
destruction of groundwater resources. Baghvand et al.
(2010) studied the groundwater salinity near the central
desert of Iran. According to the results, excessive pump-
ing from abstraction wells has caused salt water intrusion
into the fresh water aquifer. Zarei et al. (2013) investigated
the salinity of groundwater in the Kanarsieh region of Iran
using chemical and isotopic parameters. The results showed
that the dissolution of halite in the salt diaper is the source
of the groundwater salinity. Zaidi et al. (2015) studied the
hydrochemistry of groundwater in arid regions of Saudi
Arabia. They stated that intense evaporation and reverse
ion exchange reactions are the most important processes
influencing groundwater salinity. Based on the studies of
Jahanshahi and Zare (2017), it was found that the origin of
the deep saline groundwater of the Golgohar mine area is
related to the intrusion of saline water from the salty playa
of Sirjan. Marazuela et al. (2019) investigated the hydrody-
namics of groundwater in the salt flat of Salar de Atacama
of Chile. The results showed that the groundwater reaches
the mixing zone from the mountains is largely evaporated in
the mixing zone, lakes, and directly from the shallow water
table. Shojaei Baghini et al. (2020) evaluated the hydro-
chemistry of groundwater and the risk of salt water intru-
sion next to Sirjan salt playa. Achieved results of this study
indicated that overexploitation from abstraction wells has
caused saline water intrusion into the aquifer. Based on the
studies of Kumar et al. (2022), processes such as reverse
ion exchange, silicate weathering, and seawater intrusion
have controlled the groundwater evolution in Digha, India.
Mirzavand and Ghazban (2022) investigated the origin of
groundwater salinity in the Kashan plain using groundwater
chemical quality and isotopic data. According to the results,
high pumping from exploitation wells in the north of the
plain has caused the intrusion of salt water from the salty
playa into the aquifer. Nguyen and Huynh (2023a) studied
the groundwater quality in the Mekong delta, Vietnam. This
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study indicated that groundwater was affected by anthro-
pogenic, agricultural, and industrials contaminants. Stud-
ies by Kumar et al. (2023) indicated that processes such as
reverse ion exchange, anthropogenic activities, and saltwater
intrusion have affected groundwater quality in West Ben-
gal, India. Nguyen and Huynh (2023b) investigated seasonal
fluctuations of groundwater quality of Ben Tre region, Viet-
nam using a statistical approach. The results showed that
factors such as geology, wastewater, agriculture, and saltwa-
ter bodies have affected the groundwater quality. A look at
the above mentioned researches show that saline waters are
one of the potential sources of groundwater quality degrada-
tion in arid regions.

Kavir-e Daranjir is one of the largest playas in the central
part of Iran. Salt deposits accumulated because of strong
evaporation rates sustained for several thousands of years.
Groundwater is the most important source of agricultural
water supply in the areas around the Daranjir playa. In
recent years, the salinity of water in abstraction wells has
increased. The exploitation of groundwater is limited due to
water salinity, and some wells have become unusable. The
groundwater level decline and the degradation of water qual-
ity are the most important environmental challenges in this
region. A correct understanding of the groundwater quality
situation and the causes of its salinity is an important step in
the sustainable management of water resources. Determining
the origin of groundwater salinity will play an important role
in formulating management strategies for aquifer exploita-
tion. For this reasons, this study was conducted to investigate
the quality and salinity of groundwater. The most important
purposes of this research are: (1) investigating the hydro-
chemical status of groundwater, (2) determining the origin
of groundwater salinity, and (3) determining the processes
affecting the concentration of groundwater solutes.

Material and methods
Study area

Kavir—e Daranjir district is between latitudes 55° 20" and 58°
39" E and longitudes 31° 20" and 31° 50" N, in the central
part of Iran. The area of Kavir-e Daranjir district is 3080 km?
and its height above sea level varies between 970 and 1200
m. The overall slope of this basin is from south to north. The
study area has an arid climate. Low rainfall and high evapo-
ration are the main factors creating this arid climate. The
average annual rainfall, evaporation, and temperature are 54
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mm, 3200 mm, and 19.5 °C, respectively (Sarzamin Qanat
2021). Bafgh city is the most important city in the Kavir-
e Daranjir district. As the warmest city in Yazd province,
Bafgh city has rich iron ore mines and date palm gardens,
and for this reason it is known as the land of palm, iron, and
sunshine. 80% of agricultural products in the Daranjir area
are horticultural crops such as dates, pistachios, citrus fruits,
and olives.

General geology and hydrogeology

In terms of general morphology, the Daranjir desert is sur-
rounded by mountains. The mountainous landscape that
surrounds the Daranjir desert, like an uninterrupted ring,
provides sediments and solutes to the Daranjir desert system.
The transport of sediments is done by a network of drain-
ages. The force of the wind can also cause the transfer of
sediments from the mountainous part to the plain (Noujavan
and Sadough 2008). Alluvial fans, sand dunes, salt and mud
flats, and Nebka are common geomorphological features
in the Kavir-e Daranjir district. From the geological point
of view, different metamorphic, igneous, and sedimentary
units are outcropped in the Daranjir district (Fig. 1). Marble
and metamorphic rocks of green schist facies are the most
important metamorphic units. These rocks are outcropped in
the western margin of the study area. Igneous units include
rocks such as granite, andesite and, basalt. These igneous
rocks have a smaller area compared to other geological units.
Sedimentary rocks and deposits are the most important geo-
logical units in the Kavir-e Daranjir district. Sedimentary
rocks include a variety of clastic and chemical sedimentary
rocks. Clastic rocks mainly include marl, shale, sandstone,
and conglomerate. These rocks are found in the eastern part
of the Daranjir district. Limestone and dolomite are the most
important chemical sedimentary rocks that are exposed in
the western part of the study area (Fig. 1). Among all geo-
logical units, Quaternary sediments are the most important
because these sediments are reservoirs for groundwater
accumulation. These sediments mainly include pediment
fans and valley terrace deposits, alluvial plains and river
alluviums, salt and clay flats, and sand dunes. Alluvial ter-
races and alluvial fans are widespread in the Daranjir plain.
In terms of grain size, these sediments include rubble of
different sizes with bad sorting. The alluviums next to the
highlands are coarse-grained and have poor sorting. As get
closer to the salt playa, the size of the sediments becomes
smaller and their sorting improves. Aeolian deposits are also
seen in as Barkhan and parallel dunes. These deposits com-
prise clay, silt, and evaporite minerals such as gypsum and

halite. In the central part of the Kavir-e Daranjir district,
groundwater has a short distance from the land surface. The
groundwater gradually evaporates and its solutes are depos-
ited on the ground surface. Over the years, a considerable
thickness of gypsum and halite has covered the surface of
the earth (Noujavan and Sadough 2008).

The aquifer of the study area is unconfined. Groundwater
flows from the margins of the plain to its center. The thick-
ness of the saturated part of Quaternary sediments varies
between 10 and 450 m. The largest thickness of the aquifer
is observed in the central part of the plain. The aquifer trans-
missivity varies from 100 to 990 m?/d. The highest aquifer
transmissivity is observed in the central and southern parts
of the Daranjir district (Sarzamin Qanat 2021). There are
217 abstraction wells in the Daranjir district. The wells dis-
charge rate varies between 6 and 50 1/s. The groundwater
level shows a downward trend. The average annual water
level drop is 0.2 m IWRMC 2021).

Study method

Groundwater samples were collected during January and
February 2021 from 52 abstraction wells. The location of the
sampling stations is shown in Fig. 1. Electrical conductivity
(EC), temperature, and pH were measured at the sampling
site using portable instruments. Water samples were col-
lected in pre-washed polyethylene bottles. Two bottles were
considered for each sample. One bottle for analysis of major
ions and one bottle for measuring trace elements. Water sam-
ples were filtered through 0.2 pm filters. The samples were
acidified with HNO; for the analysis of trace elements. Water
samples were analyzed at the water and wastewater labora-
tory of Azmoon Salamat Asa Company, Tehran, Iran. Major
and minor ions concentrations including calcium (Ca*"),
magnesium (Mg®"), sodium (Na*), potassium (K*), chlo-
ride (CI7), sulfate (SO42_), nitrate (NO5 "), nitrite (NO,"),
ammonium (NH,"), lithium (Li*), and bromide (Br™) were
determined by ion chromatography method. The bicarbonate
(HCO;") and iodide (I") were determined by the titration
method. The concentration of trace elements such as boron
(B), strontium (Sr), bromine (Br), lithium (Li), nickel (Ni),
manganese (Mn), mercury (Hg), barium (Ba), arsenic (As),
chromium (Cr), lead (Pb), molybdenum (Mo), and antimony
(Sb) were determined by atomic absorption method. The
number of coliforms was calculated using the most probable
number (MPN) technique.

Investigating the spatial variation of groundwater quality
parameters is the first step in studying the qualitative status
of the aquifer. The results of the analysis of water samples
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Table 1 Physiochemical characteristics of water samples

1D EC Ca Mg Na K HCO;, SO, Cl NO3 I B
pS/cm mg/l

1 11,400 289 150 1643 20 200 792 2520.6 36.6 0.112 0.8
2 16,000 476 284 2438 19 108 1454 4000.0 18.4 0.073 1.2
3 13,250 255 170 2170 29 68 1139 3376.6 23 0.073 1.6
4 8100 224 125 1297 11.8 160 613 2079.0 33 0.057 0.8
5 12,100 315 197 1704 13.5 140 1071 2855.2 29.5 0.074 1.2
6 12,425 318 219 1873 15.2 80 1195 2843.8 20.1 0.092 0.8
7 11,500 245 117 1920 16.8 84 1302 2853.0 20 0.084 0.8
8 16,175 453 246 2342 21 120 1928 3710.1 29 0.108 1.6
9 18,675 408 210 2853 18 88 973 4717.5 44 0.108 1.2
10 19,100 516 323 2756 27.7 108 2170 4476.4 27 0.104 1.2
11 10,400 259 154 1589 19 84 832 2698.4 18.7 0.074 0.8
12 11,950 462 260 1585 15.4 160 1208 2889.4 20.3 0.068 1.6
13 11,990 326 207 1757 18 108 1115 2955.2 16.3 0.088 1.2
14 11,500 217 138 1792 21 100 637 3097.3 13.4 0.074 0.8
15 8050 194 87.8 1338 12.2 100 560 21322 229 0.064 1.2
16 11,100 396 198 1658 12 200 1002 2691.9 34.6 0.06 1.2
17 12,550 428 236 1841 13.5 104 1210 3320.2 11 0.069 1.2
18 14,875 440 200 2360 25 80 1404 3682.7 32 0.1 0.8
19 14,750 441 271 2120 25 60 1208 3944.5 6.2 0.074 1.2
20 14,200 308 160 2350 22 68 935 3767.8 36.8 0.098 1.2
21 19,200 585 393 2752 27.6 104 2207 4565.7 12.5 0.077 1.6
22 19,050 501 352 2875 31 100 2057 4483.6 14 0.076 1.2
23 12,500 328 203 1827 22 124 1358 2725.2 24 0.073 1.2
24 15,650 394 280 2361 23 120 1552 3950.1 6.7 0.086 1.6
25 12,175 290 202 1793 23 128 1387 2808.3 5.6 0.08 1.2
26 7030 141 70 1199 7.6 120 694 1574.5 23 0.066 0.8
27 17,500 440 308 2620 31 82 1530 4309.8 11.2 0.098 1.2
28 3750 93.6 56.8 594 5.3 140 319 844.5 18 0.049 1.6
29 19,950 557 331 3013 21 180 1984 4724.9 54 0.071 1.2
30 12,250 358 220 1759 11.6 148 1179 2846.1 16.6 0.062 1.2
31 15,675 533 234 2304 25 80 1474 3707.6 9.6 0.076 0.8
32 16,310 416 304 2409 27 160 2050 4072.3 8.7 0.078 1.6
33 19,375 517 315 2791 35 80 2000 4657.5 12 0.108 1.2
34 15,375 392 300 2323 31 128 1755 3510.8 8.7 0.08 1.2
35 19,050 447 327 2904 35 120 1932 4450.3 18.8 0.04 0.8
36 14,375 319 228 2089 25.6 108 1481 3102.6 11.3 0.078 1.2
37 15,750 443 255 2348 28 80 1635 3979.3 10.5 0.078 1.6
38 17,125 512 282 2506 34.8 80 1660 39584 8.1 0.104 1.2
39 16,458 465 309 2429 22 160 1731 3757.8 15.8 0.076 1.6
40 27,300 536 341 4299 39 100 3392 6345.3 227 0.28 1.6
41 19,190 496 325 2954 57 80 1457 51443 25 0.29 1.2
42 17,250 484 309 2452 35 268 1904 4130.6 41 0.19 1.6
43 3570 73 44.6 590 3.7 160 421 745.2 9.5 0.056 0.8
44 20,200 688 386 2962 51 100 1809 5250.5 15 0.19 1.2
45 6950 160 100 1126 6.9 100 754 1727.0 15 0.07 1

46 17,350 520 314 2463 48 100 1988 4140.0 15.6 0.19 1.6
47 1450 56 12.5 240 3.6 180 175 2227 11.4 0.047 0.7
48 12,800 344 230 2118 30 100 1207 3374.8 15.2 0.069 1.2
49 16,190 540 292 2380 33 120 1952 3768.6 11.5 0.07 1.6
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Table 1 (continued)

1D EC Ca Mg Na K HCO;4 SO, Cl NO3 I B
pS/cm mg/l

50 3350 98 65 483 3.7 148 377 773.0 11.3 0.05 1

51 4250 109 71 695 55 148 422 961.1 12.7 0.105 1.2

52 3320 64 38 533 5.1 136 354 733.0 11 0.056 0.6

ID Sr Br Li Ni Mn Hg Ba As TC FC

mg/l MPN

1 6.1 1.6 0.08 0.05 * 0.001 * * - -

2 8 1.6 0.13 0.06 * * * * - -

3 491 1.3 0.23 0.06 * * * * - -

4 35 1 0.08 * * * * * 28 15

5 8.9 1 0.13 0.09 * 0.002 * * - -

6 59 1.2 0.17 0.08 * * * * 23 9

7 35 1.5 0.11 * * * * * - -

8 72 1.7 0.17 0.11 * * * * - -

9 7.1 1.9 0.11 0.09 * * * * - -

10 9.8 2.6 0.2 0.05 * * * * - -

11 4.3 1.7 0.17 0.05 * * * * > 1100 > 1100

12 6.7 1.5 0.13 0.08 * * * * 23 4

13 49 1.5 0.15 0.1 * * * * - -

14 34 1.2 0.28 0.07 * 0.002 * * - -

15 2.6 0.8 0.1 0.06 * 0.001 * * - -

16 4.9 1.5 0.12 0.05 * 0.001 * * - -

17 6.8 1.4 0.14 0.08 * * * * - -

18 6.7 1.7 0.16 0.1 0.06 0.001 * * - -

19 9.7 1.7 0.19 * * * * * 9 -

20 44 14 0.15 0.08 0.05 * * * 7 -

21 10.5 2 0.18 0.1 0.05 0.002 * * 4 -

22 8.5 1.9 0.22 0.08 * * * 0.027 - -

23 5.1 1.6 0.13 * * * * * - -

24 6.4 1.5 0.14 * 0.09 * * 0.01 - -

25 5.1 1.3 0.16 0.09 * 0.002 * * - -

26 2.1 0.9 * 0.05 * 0.002 * * - -

27 6.7 1.8 0.25 0.05 * * * 0.029 - -

28 1.6 0.6 0.05 * * * * * - -

29 10.7 2.3 0.14 0.17 * * * * 9 4

30 6.5 1.4 0.08 0.06 0.05 * * * 4 -

31 6.5 2.6 0.28 0.08 * * * 0.052 - -

32 8.5 2.1 0.17 * 0.05 * * * - -

33 8 2.6 0.3 0.13 * * * 0.042 - -

34 59 1.6 0.2 0.12 * * * * - -

35 7.04 22 0.23 0.13 0.15 * * 0.06 - -

36 4.8 1.3 0.19 0.08 * 0.002 * 0.04 4 -

37 5.3 1.7 0.27 0.07 * * * 0.077 - -

38 6.9 2.6 0.25 0.1 0.06 0.002 * 0.058 240 93

39 6.4 2.6 0.17 0.1 0.06 0.002 * 0.01 - -

40 6.8 0.8 0.1 * * * * 0.022 - -

41 7.7 1.1 0.38 * * * * 0.024 > 1100 > 1100

42 7.2 0.75 0.13 * * * * 0.02 9 4

43 1 0.35 * * * * 0.012 * 9 -
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Table 1 (continued)

1D Sr Br Li Ni Mn Hg Ba As TC FC
mg/l MPN
44 8.2 0.66 0.26 * * * * * 15 4
45 3 0.62 * * * * * 0.01 43 23
46 8.7 0.98 0.1 * * * * 0.02 - -
47 0.49 0.59 * * * * 0.02 * - -
48 54 0.66 0.2 * * * * 0.01 43 23
49 7.5 0.8 0.14 * * * * 0.01 23 4
50 1.5 0.49 * * * * 0.021 * - -
51 2 0.52 * * * * 0.012 0.01 4 -
52 0.6 0.92 * * * * 0.013 * 43 23

The concentration of NO, and NH,, ions, and Cr, Pb, Mo, Sb, and Se elements were below the detection limit of the device

TC Total coliforms, F'C Fecal coliforms

*Under detection limit, — Negative

were interpreted using spatial distribution maps of qualita-
tive parameters. Spatial variations of qualitative parameters
related to groundwater salinity such as electrical conduc-
tivity and ions such as sodium, chloride, and sulfate were
investigated. The spatial distribution of nitrate ion and coli-
form bacteria were also considered to investigate the status
of groundwater contamination. Several bivariate diagrams
were used to investigate the geochemical processes govern-
ing the quality of groundwater. Bivariate diagrams are one
of the most useful methods for determining the origin of
groundwater solutes (Paul et al. 2019). Different ionic ratios
such as CI/HCO;, Na/Cl, Na/(Na+ Cl), Na/(Na+ Ca), Ca/
(Ca+S0,), Li/Cl, and CI/Br were also used in the bivariate
diagrams. Pearson correlation analysis was used to deter-
mine the relationship between water quality parameters.
Multivariate statistical methods such as cluster analysis and
factor analysis were used to group the water samples and
determine the factors affecting the qualitative degradation
of the aquifer. Cluster analysis is a general title for a series
of mathematical methods that are used to find similarities
between individuals in a set (Farshadfar 2010). Factor analy-
sis is a useful method for interpreting qualitative groundwa-
ter data and relating them to specific hydrogeological pro-
cesses (Dragon 2006). Statistical analyses were performed
using Minitab software ver. 21.4.2.

Result and discussion
General hydrochemistry
Table 1 indicates the results of chemical analysis of water
samples. As seen in Table 1, the electrical conductivity of

water samples varies from 1450 to 27,300 pS/cm. The lowest
amount of electrical conductivity corresponds to sample no.

47 in the eastern alluvial fans (Fig. 2a). The highest amount
of electrical conductivity was also recorded in sample no.
41 at the margin of the salt playa (EC=27,300 pS/cm).
According to Table 1, the dominant cation of groundwater
is Na*. The concentration of this ion varies between 240 and
4299 mg/l. The sodium ion concentration increases from
the margins of the plain towards its center (Fig. 2b). In all
groundwater samples, sodium ion concentration is higher
than calcium and magnesium ions. The dominant anion of
groundwater is C1™. The chloride ion concentration varies
between 222 and 6345 mg/l. The spatial variation of chloride
ion concentration is presented in Fig. 2c. The lowest concen-
tration of chloride ion was recorded in the eastern alluvial
fans (sample no. 47). The highest amount of chloride ion
was also recorded at the margin of the salt playa (sample no.
41). The variation trend of sulphate ion is also similar to the
spatial variation of chloride ion (Fig. 2d), which can indicate
the identical origin of the mentioned parameters. The pres-
ence of evaporite sediments in the central parts of the plain
is the most important reason for the increase in the electri-
cal conductivity and dissolved ions. Jahanshahi and Zare
(2017) and Shojaei Baghini et al. (2020) have also reported
an increase in the electrical conductivity and groundwater
solutes around the Sirjan playa. The Durov diagram of water
samples is presented in Fig. 3. According to this figure, the
type of all water samples is Na-Cl. The dominance of major
ions is in the order of Na*> Ca®*>Mg?* > K* for cations
and Cl~> S0, >HCO;~ > NO;" for anions. Baghvand
et al. (2010), Zaidi et al. (2015), Marazuela et al. (2019),
and Mirzavand and Ghazban (2022) have reported the Na—Cl
type of groundwater in arid regions.

Nitrate concentration and the amount of coliform bacte-
ria are indicators of groundwater contamination. Figure 2e
shows the spatial distribution of nitrate concentration in
the water samples. As seen in Fig. 2e, the concentration of
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nitrate ion varies between 5.5 and 54 mg/l. The maximum
concentrations of nitrate ion were recorded in residential
areas and cultivated lands. Figure 2f shows the spatial dis-
tribution of coliform bacteria. The maximum amount of
coliform bacteria (especially fecal coliforms) is seen in
samples with high nitrate concentrations. Therefore, it can
be concluded that the source of nitrate ion is related to resi-
dential sewage. Cao et al. (2022) reported residential sew-
age as a source of groundwater pollution of Changle River
watershed, China. Vasudevan et al. (2021) also reported high
microbial activity and nitrate concentration in the residential
areas of Tamil Nadu, India.

The ratio of chloride to bicarbonate can be used as an
indicator of water contamination by saline water (Todd and
Mays 2005). Figure 4 shows the ratio of chloride to bicar-
bonate versus electrical conductivity. The ratio of chloride
to bicarbonate of groundwater samples varies between 2.12
and 112.9. According to Fig. 4, most of the groundwater
samples are contaminated by saline water. The lowest level
of contamination is observed in sample no. 47. This sample
is for alluvial fans in the eastern part of the plain. Abdalla
(2016) reported the ratio of chloride to bicarbonate of Jazan
aquifer between 0.2 and 45.
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Fig.5 Bivariate diagrams of water quality parameters

Bivariate diagrams

Bivariate diagrams of qualitative parameters are one of the
most common methods for determining the processes gov-
erning the quality of groundwater. Figure 5 indicates the
bivariate diagrams of groundwater quality characteristics.
As seen in Fig. 5a, b, ¢, and d, the concentration of sodium,
calcium, magnesium, and sulfate ions increases linearly with
the increase of chloride ion. This linear trend indicates the
mixing of various water resources. A very good linear trend
can be seen in the plot of sodium versus chloride (Fig. 5a).
This pattern supports the dissolution of halite (NaCl). Cal-
cium and magnesium ions also indicate a direct relationship
(Fig. 5e). This relationship indicates their identical origin
and hydrochemical behavior. The linear relationship between
calcium and sulphate ions (Fig. 5f) indicates the dissolu-
tion of sulfate minerals containing calcium such as gypsum
(CaSO,, 2H,0) and anhydrite (CaSO,). Magnesium and
sodium ions also have a direct relationship with sulphate
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concentration (Fig. 5g, h). The lack of a strong correlation
between nitrate with chloride and electrical conductivity
(Fig. 5i, j) indicates that nitrate ion has a different origin
compared to other ions. Anthropogenic sources such as agri-
culture and domestic sewage are important sources of nitrate
in groundwater (Rahman et al. 2021).

Ion exchange is one of the main processes that affect
groundwater hydrochemistry (Appelo and Postma 2005).
Figure 6a shows the bivariate diagram of Ca+ Mg versus
HCO;+S0O,. According to Fig. 6a, the occurrence of the
reverse ion exchange process is clear in most of the ground-
water samples. The occurrence of the reverse ion exchange
process is also concerning with respect to the plot of Na/
Cl versus EC (Fig. 6b). As shown in Fig. 6b, most of the
water samples are below the line of Na/Cl= 1. This process
is shown in the following reaction (Hounslow 1995).

2Na® + Ca—Clay — Na, — Clay + Ca®* (1)



Sustainable Water Resources Management (2024) 10:99

Page 11 0f20 99

40
D
g 7
o ® *®
£ 20 A ® .
3 &«
)
D
O T
0 20 40
Mg (meq/I)
e
100
=
5
e 50 A
g
.0 .
)
0 T
0 50 100
SO, (meq/l)
g
60
)
50 A+
)
= 40 1 o o
%D L4 ¢ ']
- 30 A [ ] [}
) e % s .
20 A ° ® 4 o
e % “‘o
10{*¢ .
)
0 T T
0 10000 20000 30000
EC (uS/cm)

i

Fig.5 (continued)

Figure 6¢ shows the ratio of Na/(Na+ Cl) versus total dis-
solved solids. According to this figure, reverse ion exchange
and saltwater intrusion are among the most important pro-
cesses affecting groundwater quality. The variation of the
Ca/(Ca+ SO4) ratio versus pH (Fig. 6d) also indicates the
occurrence of cation exchange and calcite precipitation in
the aquifer.
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Gibbs (1970) suggested the ratio of Na/(Na+ Ca) and Cl/
(HCO; +Cl) to determine the processes governing ground-
water quality. Gibbs diagrams of groundwater samples are
presented in Fig. 7. According to this figure, the groundwa-
ter quality has been affected by the evaporation process and
brines resulting from the dissolution of evaporite deposits.
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Fig.6 Diagrams related to the
ion exchange process

Fig.7 Gibbs diagrams of water
samples

Table 2 Statistical
characteristics of trace elements
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Fig.8 a Plot of Li/Cl versus Br/Cl Nadri et al. (2014), b Plot of Br versus TDS Rittenhouse (1967), ¢ Plot of Cl/Br versus Cl Panno et al. (2006)
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Table 3 Correlation matrix of groundwater quality data

EC Ca Mg Na K HCO;, SO, Cl NO;
EC 1.00
Ca 0.91 1.00
Mg 0.92 0.95 1.00
Na 0.99 0.88 0.89 1.00
K 0.82 0.78 0.80 0.81 1.00
HCO;, —0.28 -0.19 —-0.16 —-0.32 —-0.31 1.00
SO, 0.92 0.85 0.89 0.90 0.74 -0.15 1.00
Cl 0.99 091 0.91 0.99 0.83 —-0.33 0.87 1.00
NO, 0.18 0.11 0.01 0.20 —-0.02 0.32 0.02 0.18 1.00
1 0.56 0.45 0.44 0.57 0.70 -0.10 0.50 0.57 0.19
B 0.46 0.48 0.53 0.43 0.38 0.06 0.54 0.45 —-0.02
Sr 0.85 0.90 0.90 0.80 0.65 -0.14 0.77 0.84 0.19
Br 0.56 0.57 0.55 0.53 0.29 -0.23 0.48 0.53 0.06
Li 0.40 0.38 0.42 0.40 0.61 —0.46 0.22 0.46 —-0.36
Ni 0.56 0.48 0.51 0.55 0.38 0.08 0.56 0.51 0.14
Mn 0.47 0.02 0.27 0.54 0.50 0.04 0.24 0.42 —-0.09
Hg 0.33 0.09 0.37 0.29 0.29 -0.33 0.40 0.27 —-0.76
Ba —0.66 —-0.11 —-0.26 -0.77 —0.65 0.43 —-0.63 —0.58 0.13
As 0.31 0.39 0.26 0.28 0.25 —0.38 0.20 0.30 -0.23
1 B Sr Br Li Ni Mn Hg Ba As
EC
Ca
Mg
Na
K
HCO,
S0,
Cl
NO,
1 1.00
B 0.29 1.00
Sr 0.33 0.45 1.00
Br —-0.11 0.09 0.59 1.00
Li 0.23 -0.13 0.22 0.34 1.00
Ni 0.03 0.13 0.47 0.42 0.17 1.00
Mn -0.63 —-0.45 —0.08 0.15 0.42 0.76 1.00
Hg -0.16 0.34 0.19 0.17 0.67 0.46 -0.33 1.00
Ba -0.58 -0.06 -0.18 -0.07 - - - - 1.00
As —-0.21 -0.29 0.22 0.60 0.50 0.10 0.43 - - 1.00
Trace elements Table 2 shows the statistical characteristics of trace elements

Using trace elements is a useful method to investigate the
origin of groundwater solutes (Saberinasr et al. 2019).
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in water samples. As seen in Table 2, the concentration of
strontium, nickel, and arsenic in some water samples is
higher than the World Health Organization standard (WHO
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Fig.9 a Dendrogram of water samples, b Dendrogram of water quality parameters

2022). 33% of the water samples have strontium concentra-  in the central part of the study area. The arsenic contamina-
tion exceeding the WHO permissible limit. These samples  tion is also observed in the samples related to the central salt
are mostly in the salt flat of the central part of the Daranjir ~ flat (27% of total samples). Therefore, it can be concluded
district. The concentration of nickel in 29% of the samples  that the salt flat is the source of groundwater contamination
is higher than the permissible limit. These samples are also

@ Springer



99 Page 16 of 20

Sustainable Water Resources Management (2024) 10:99

Table 4 Statistical characteristics of groundwater quality parameters of different groups

Cluster ID Color in Parameter EC Ca Mg Na K HCO;, SO, Cl NO;,
dendrogram

1 Blue Min 1450 56 12.5 240 3.6 100 175 2227 9.5
Max 8100 224 125 1338 12.2 180 754 213222 33
Average 4982 121.2 67.1 809.5 6.5 139.2 468.9 1179.2 16.8
SD 2336.9 56.8 322 392.1 3.17 26.1 181.4 649.9 7.5

2 Green Min 10,400 217 117 1585 11.6 68 637 2520.6 5.6
Max 13,250 462 260 2170 30 200 1387 3376.6 36.6
Average 11,992.7 322 193.4 1801.9 18.7 121.9 1108.9 2923.7 20.3
SD 720.6 68.5 39.85 170.8 5.7 41.2 2125 259.1 8.4

3 Red Min 14,200 308 160 2089 18 60 935 3102.6 6.2
Max 27,300 688 393 4299 57 268 3392 6345.3 54
Average 17,485.1 475.1 291.8 2609.4 30.3 110.4 1763.8 42337 19.5
SD 2669.1 79.2 54.1 428.8 9.6 42.5 467.4 649.9 12.7

with elements such as strontium, nickel, and arsenic. Kre-
itler (1993) has introduced salt playas as one of the potential
sources of trace elements of groundwater.

As chloride and bromide ions behave conservatively in
hydrological systems, these ions are often used as a good
indicator of the origin of water salinity (Ahmed et al. 2013).
Figure 8a shows the plot of Br concentration versus TDS.
As seen in this figure, the mixing of groundwater and brine
resulting from the dissolution of halite has affected the qual-
ity of groundwater. The ratio of Li/Cl versus Br/ClI (Fig. 8b)
also indicates the effect of dissolution of evaporite depos-
its (especially halite) on groundwater quality. Panno et al.
(2006) suggest the plot of C1I/Br versus Cl to investigate the
evolution of groundwater and water salinization processes.
Figure 8c shows the changes in the ratio of Cl/Br versus CI.
According to Fig. 8c, the groundwater of the study area is
affected by domestic sewage and brines caused by the dis-
solution of halite.

Statistical investigations
Correlation matrix of water quality data

One of the most important steps to identify processes
affecting groundwater quality is to examine the relationship
between physicochemical parameters (Das et al. 2022). One
of the best methods for this purpose is to prepare the cor-
relation matrix of different water quality characteristics.
Table 3 shows the correlation matrix of groundwater qual-
ity parameters. As seen in this table, there is a high corre-
lation between the electrical conductivity and the concen-
tration of calcium, magnesium, sodium, potassium, sulfate,
and chloride ions (R >0.82). The mentioned ions are the
most important factors affecting groundwater quality. The

@ Springer

concentration of sodium has a high correlation with the
concentration of potassium (R=0.81), sulfate (R=0.9),
and chloride (R =0.99), which indicates the similar origin
of these ions. Chloride ion also indicate a high correlation
with calcium (R=0.99), magnesium (R=0.91), sodium
(R=0.99), potassium (R=0.83), and sulfate (R=0.87). The
correlation of iodine with electrical conductivity, sodium,
potassium, sulfate, and chloride is higher than other quali-
tative parameters (R > 0.5). The correlation between boron,
magnesium, and sulfate ions is also significant (R >0.5).
Strontium concentration has a high correlation with electri-
cal conductivity (R =0.85), calcium (R=0.9), magnesium
(R=0.9), sodium (R =0.8), potassium (R=0.65), sulfate
(R=0.77), and chloride (R=0.84). The salt flats and their
brines are an important source of magnesium, sodium,
potassium, chloride, lithium, boron, and iodine in arid envi-
ronments (Kesler et al. 2012). According to the above, the
dissolution of evaporite minerals such as halite and gypsum
can be an important source of groundwater solutes. Nitrate
ion does not indicate high correlation with other qualitative
parameters (R <0.3). This issue indicates a different origin
for nitrate. This finding is consistent with the research of
Rojas Fabro et al (2015). These researchers reported the
insignificant correlation between Nitrate, chloride, sulphate,
and potassium ions in Merida, Mexico.

Cluster analysis

Cluster analysis can determine the spatial patterns of ground-
water geochemical changes and reveal the processes affect-
ing water quality (Yang et al. 2020). In this study, Ward's
method (Ward 1963) was used to clustering the groundwater
samples. The results of the cluster analysis of groundwater
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Fig. 10 Spatial distribution of different clusters of water samples

samples are presented in Fig. 9a. As seen in this figure, the
groundwater samples are placed in three groups. The chemi-
cal parameters of these groups are shown in Table 4. The
dominant type of groundwater in these three groups is chlo-
ride type, but their qualitative parameters are different. The
lowest amount of total solutes is observed in the first group
and the highest in the third group. The spatial distribution
of different groups of water samples is presented in Fig. 10.
According to this figure, the samples of the first group are
mainly in the eastern part of the study area. The samples of

|
360000

the second and third groups are mainly located in the central
areas. These samples are influenced by brines and have more
soluble salts. Similarity of groundwater quality parameters
was also investigated using the cluster analysis method.
Figure 9b shows the dendrogram resulting from the cluster
analysis of groundwater quality parameters. According to
Fig. 9b, the parameters of electrical conductivity, sodium,
potassium, chloride, sulfate, and calcium show the most
similarities among the qualitative parameters. The reason
for this is their same origin. As mentioned in the previous

@ Springer
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Fig. 11 Scree diagram to 7
determine the factors affecting
groundwater quality

Eigenvalue

Table 5 Results of factor analysis of groundwater quality parameters

Variable Factor 1 Factor 2 Communality
EC 0.989 0.061 0.982
Ca 0.942 0.071 0.893
Mg 0.952 0.022 0.907
Na 0.977 0.049 0.957
K 0.869 —-0.135 0.773
HCO; -0.299 0.76 0.667
SO, 0.922 0.034 0.851
Cl 0.984 0.028 0.968
NO, 0.104 0.851 0.735
Variance 6.399 1.333 7.733
% Var 0.711 0.148 0.859

parts of this research, the main source of these parameters
is the dissolution of evaporite sediments and the resulting
brines. Bicarbonate and nitrate parameters are also placed in
the same group, which can be a reason for the groundwater
contamination by the sewage infiltrating the aquifer.

Factor analysis

Factor analysis is a multivariate statistical method which can
be used to explore the hydrogeochemical processes influ-
encing the groundwater system (Love et al. 2004). A scree
plot was used to determine the number of factors affecting
groundwater quality (Fig. 11). According to this diagram,
two factors have eigenvalues greater than 1. Thus, these two
factors are considered the main factors affecting groundwa-
ter quality. The factor analysis report is presented in Table 5.
As shown in Table 5, the first and second factors express
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Factor Number

71.1% and 14.8% of the total variance, respectively. Based
on factor loadings (Table 5), the first factor can be attributed
to the dissolution of evaporite minerals such as halite and
gypsum, because sodium, chloride, calcium and, sulfate ions
have a high factor loading. In the second factor, nitrate and
bicarbonate ions have a high factor loading. Therefore, this
factor can be attributed to the contamination of groundwater
by sewage.

Conclusion

In this study, the factors affecting salinity and groundwater
contamination in the Kavir-e Daranjir district in the central
part of Iran were investigated. For this purpose, the major
ions and trace elements of groundwater were analyzed.
The spatial distribution of hydrochemical data and ionic
ratios showed that the dissolution of halite and its result-
ing brines is the most important cause of groundwater
salinity. Evaporation, reverse ion exchange, and domestic
sewage have also affected the quality of groundwater. The
examination of trace elements also confirms these cases.
The results of the statistical analysis also indicate that two
main factors have affected water quality. These two factors
explain over 85% of the variance in water quality data.
These factors are, in order of importance, the dissolution
of evaporite deposits and the infiltration of sewage in resi-
dential areas. The achieved results showed Daranjir salt
playa is the most important source of groundwater solutes
except nitrate. Nitrate ion has an anthropogenic origin and
is related to sewage infiltration. This research showed that
the use of major ions, trace elements and multivariate sta-
tistical methods is a suitable method for evaluating the
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factors governing the quality of groundwater in arid and
semi-arid regions. Reducing extraction from exploitation
wells, spatial and temporal monitoring of groundwater
quality, use of modern irrigation methods, implementa-
tion of artificial recharge projects, and collection, treat-
ment, and reuse of wastewaters will play an essential role
in preventing further degradation of groundwater quality.
Mathematical modeling of groundwater flow and solute
transport is suggested for the development of aquifer man-
agement strategies.
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