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Fig 1. Geological map and location of sampling points in the study area
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Fig 2. Groundwater flow direction (a) and Land use map (b) in study area
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Mondal et al., 2011; Saxena et ) ol ol ;55 ool ;8 5 o5 i Guojp) sloc! ;o S g B clile S
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(32 5339 PH g EC (US/em) MO/l o s laygn a15) obT); olssul jo sleadisisg ane 50T mls ) Jgax
Table 1. The hydrogeochemical analysis results of the Zarabad aquifer (all variables in mg/L except for EC which is in
pS/cm and pH that is dimensionless)

Tests of Normality

Kolmogorov-
Smirnov?

Statistic df  Sig.  Statistic df  Sig.
EC 992 7140 2726.52 1773.77 0.18 23 0.06 0.86 23 0.01
TDS 545.6 6426 229749 1738.3 0.16 23 0.14 0.88 23 0.01
pH 7.11 7.8 7.43 0.17 0.1 23 .200* 0.99 23 0.97
Ca* 46 594 220.9 154.63 0.19 23  0.04 0.88 23 0.01
Mg? 18.47 222 70.44 54.43 0.19 23 0.03 0.86 23 0
Na* 158 1489 513.22 357.64 0.16 23 0.3 0.87 23 0.01

variable  Min Max Mean Std Shapiro-Wilk

K* 6.31 26.9 12.68 521 0.16 23 0.14 0.89 23 0.02
Sr2 1.21 17.85 7.31 4.75 0.14 23 02 0.89 23 0.2
B 0.49 2.81 1.36 0.68 0.16 23 0.12 0.9 23 0.06

HCOs 8571 2127  155.27 34.7 0.11 23 .200* 0.97 23 0.65
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Cr 17535 25432 88291  702.79 0.16 23 015 0.86 23 0
SOs#  203.13 23516 723.27 530.56 0.21 23 0.01 0.83 23 0

*. This is a lower bound of the true significance, a. Lilliefors Significance Correction

TDS G EC Lolaly (dosspj <l sanainh Y Joa>
Table 2. Classification of groundwater based on the EC and TDS (Kanagaraj et al., 2018).

Cateqo Values EC percentage of
gory (us/cm) the samples
Fresh-water <1500 35
brackish
water 1500-3000 26
saline water >3000 39
TDS (mg/l)
Fresh-water 0-1000 35
brackish
water 1000-10000 65
saline water 10000-100000 0
1 1 1 1 ] 1
1328000 1336000 1344000 1328000 1336000 1344000

2876000
287?"“0

707 208 207 708
® &

EC(us/cm)
@ <1500 TDS

O 1500-3000 @ <1000

® >3000 < 1000-10000

2852000
2852000

axlllas 590 dilaie ;o TDS (b) 5 EC (3) cdale Sl aoje .Y JSCo
Fig. 2. Spatial distribution of (a) EC and (b) TDS concentration in the study area
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059051 5 ol o5 diges olaws aSisl s & Gubis ol ,o (Amiri et al., 2015) wé 5 o 40 Bgi ol 85,5 50l 55
Syl b o lgim po sl Staaan 5105105 oy @355 baools asiul s b g Conl o solitus] Shig-g L
Sras 2 plsl SPSS 26.0 (IBM, Chicago, IL, USA) 1581 5 5l oolaiwl b skl ol ! (F Jgaz) o eolasul
il 4 a5 s ogo Jelge s s Pl g Lo Ol 3485 a5 amo o olis CI g Na* (r=0.97) o s48
Ceol anlllas 550 ailats ;3 550 ol S92y oaims GLAS 5 WS oo S8 Glrard yolie (nl bawgi (ejns sloc]
ol SO% 5 (Na™ 3 K Mg .Ca?*) Lol slayguls (o e  Siamod oonl p odle .(Maurya et al., 2019)
(S 0l 5 25 ko) wlidgw sla SIS Sojlsn 5 Pl 5 S slacSin dalSidew 3l Wlg o Sligw 45 da5 oo

(Elmeknassi et al., 2022; X. Li et al., 2013; Maurya et al., 2019) » .5, olas
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Table 3. The Spearman correlation coefficient between physicochemical parameters.

EC TDS pH Ca?* Mg? Na* K* Sr#*  HCOs (o]} B S04
EC 1
TDS 0.99** 1
pH 011 -0.09 1
Ca?* 0.83**  0.81** -0.31 1
Mg? 0.97**  0.96** -0.2 0.81** 1
Na* 0.95**  0.96** -0.05 0.68** 0.94** 1
K* 0.84** 0.83** -0.29 0.78** 0.85** 0.77** 1
Srz 0.91**  0.88** -0.30 0.88** 0.94** 0.83** 0.88** 1
HCOs 0.26 0.28 -0.14 0.07 0.26 0.29 0.32 0.40 1
Cl- 0.94**  0.94** -0.02 0.70** 0.94** 0.96** 0.78** 0.84** 0.19 1
B 0.77** 0.76** -0.26 0.77** 0.76** 0.75** 0.74** 0.77** 0.08 0.69** 1
oy 0.86**  0.85** -0.14  0.92** 0.82** 0.77** 0.77** 0.84** 0.09 0.74**  0.85** 1

** Correlation is significant at the 0.01 level (2-tailed).
<’ l'.'."“'.‘."g’S) S ‘Slb O)Lmé.) J..o (<5

et g looed sl Gl 0T 56 5oss O o T gl Lite (gilulor a4 pliardsiun gloo s

2 Kolmogorov-Smirnov test
3 Shapiro-Wilk test
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Fig 3. Geochemical facies of groundwater
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parameter range Quality status/class # of percent
samples

EC (uS/cm) | 0-250 low (excellent quality) 0 0
251-750 Medium (good quality) 0 0
751-2250 High (permissible quality) 12 52.17
2251-6000 Very high 9 39.13
6001-10000 Extremely high 2 8.69
10001-20000 Brines weakly concentration 0 0
20001-50000 Brines moderately concentration 0 0

Na% <20 Excellent 0 0

11 Magnesium absorption ratio
12 permeability index
B Kelly’s ratio
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Abstract
In this study, the hydrogeochemical and qualitative status of groundwater resources of the

Zarabad coastal aquifer in southeast Iran has been investigated. The decreasing order of cations
and anions is Na*>Ca?*>Mg?>K"* and CI>S0,>>HCOj5, respectively. The two most water type
are Na-Cl (78%) and Ca-Mg-Cl (22%). The water type, chlorine-alkalinity index, ion ratios, and
position of the samples on the Gibbs diagram show that cation exchange (direct and reverse),
weathering of silicates and evaporites, and seawater intrusion are the main controlling processes
of water chemistry. The ionic ratios of SO4*/Cl-, B/CI,, and Na*/Cl- indicate that saltwater
infiltration increases as the distance from the Rabach River increases, particularly in the
northwest and southeast regions. This can lead to a decrease in the quality of water resources.
Moreover, the water quality for agricultural use is assessed based on some indices, including
electrical conductivity (EC), sodium percentage (Na%), sodium absorption ratio (SAR), residual
sodium carbonate (RSC), magnesium absorption ratio (MAR), permeability index (PI), Kelly’s
ratio (KR), and USSL and Wilcox diagrams. The results showed that about 60% of the samples
had unsuitable quality for irrigation. These samples were located in the northwestern and
southeastern parts of the plain. About 40% of the samples have suitable quality for irrigation and
are located in the vicinity of the Rabach River.

Keywords: Groundwater quality, lonic ratios, Salinization, Coastal aquifer, Irrigation

Introduction

Since agriculture is one of the main economic pursuits for people living in arid and semi-arid regions
of the world, pollution from it poses a significant threat to the management of groundwater resources
(Amiri et al., 2021; Malki et al., 2017). To better protect and manage valuable water resources in arid
and semi-arid regions, it is necessary to understand their hydrochemical status and the process of
controlling qualitative changes through analysis. Extensive research has been addressed to determine

the quality of groundwater and hydrochemical processes in coastal aquifers (Abu-Alnaeem et al.,
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2018; Jamshidzadeh, 2020; S. Li et al., 2022; Liu et al., 2019; Osiakwan et al., 2021; Senthilkumar
etal., 2017; Zhang et al., 2022).

The average annual rainfall in Iran is approximately 250 mm, making it one of the world's most water-
scarce countries(Amiri et al., 2021; Esmaeili-Vardanjani et al., 2015). In arid and semi-arid regions
of Iran, groundwater is the most important source of drinking water, industry, and agriculture (Pazand
& Sarvestani, 2013). In Iran, water scarcity is a critical challenge for governments. Excessive
exploitation of underground water and severe droughts in recent years have reduced the quality and
quantity of underground water resources. In this research, an attempt has been made to investigate
the mechanisms controlling groundwater chemistry and groundwater quality for use in the

agricultural sector in the Zarabad aquifer in Sistan and Baluchistan provinces.
materials and methods
study area

Zarabad region is located in Sistan and Baluchistan province in the southeast of Iran. It is bounded
by the Oman Sea from the south. The average annual rainfall and evaporation in the studied area
ranges between 140 to 57 and 2900 to 3000 mm, respectively. This area is geographically located in
the arid and semi-arid region and has a dry and hot climate. The average annual temperature is 27°C
and the highest temperature is in June with an average of 34.7°C. Geologically, the studied area is
mainly covered by Miocene, Paleocene (e.g. sandstone, conglomerate, shale, and marl), and

Quaternary deposits.
Sampling and evaluation

In April 2020, groundwater samples were taken. In the Zarabad area, 23 groundwater samples were
obtained using working hand pumps and placed in prewashed polyethylene bottles before being kept
on-site at 4 °C until analysis. After fifteen to twenty minutes of pumping each well, groundwater
samples were taken when the flowing groundwater displayed stable hydrogen ion concentrations and
electrical conductivity values (APHA, 1926). The groundwater sample locations in the research

region are depicted in Fig.1.

pH and electrical conductivity (EC) values were measured in the field using a HACH Multimeter
device (HACH, USA). The usual methods APHA (2005) outlined were used to determine all other
chemical parameters. Chemical investigations for Mg?*, Ca?*, Sr?*, K*, Na*, and B were carried out

at the Zarazma Mineral Investigations Company in Iran using the ICP-MS (High Performance,
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Model-Quadrupole, 4500). At the laboratory, chloride (CI), sulfate (SO4%), bicarbonate (HCO3),
and carbonate (CO3s*) were measured using ion chromatography (Model- Metrohm, Switzerland).
The computed charge balance error (CBE) was found to be below the permissible limit of £5%
(Domenico and Schwartz, 1990).

Assessing the quality of groundwater for irrigation purposes

It is crucial to assess the quality of groundwater before using it for irrigation. As a result, the following
equations were used to calculate Kelly's ratio (KR), sodium adsorption ratio (SAR), sodium
percentage (Na%), residual sodium carbonate (RSC), permeability index (PI), magnesium absorption
ratio (MRI), and other parameters related to irrigation groundwater quality. Likewise, Piper diagram
was calculated to identify the hydrogeochemical facies and USSL and Wilcox's charts were also
calculated for the suitability of groundwater for irrigation.

Results

pH levels range from 7.1 to 7.8 (with an average of 7.4), indicating alkaline groundwater in the study
area. According to Table 2, EC value ranges from 922 to 7140 puS/cm with an average of 2726.5
uS/cm. Approximately 39% and 26% of the samples fall within the saline water and brackish water
ranges, respectively. The total dissolved solids (TDS) vary between 545 and 6426 mg/L, with an
average of 2297.5 mg/L, which indicates that 65% of the samples are in the saline range (Table 2).
The groundwater samples in the northwest and southeast of the plain, as well as those away from the
Rabach River, exhibit high values of EC and TDS. This indicates that there is a possibility of saltwater
infiltration in the studied area (Fig. 2a,b). The abundance of cations and anions is Na*>Ca?*>Mg?*">K*
and CI>S0,*>HCOs’, respectively.

The high correlation of Na* and CI- (r=0.97) suggests that the presence of saltwater in the study area
is due to infiltration of seawater and the dissolution of evaporites. These chemical elements play a
crucial role in enriching the groundwater, highlighting their importance in indicating the presence of
saltwater in the area (Table 3) (Maurya et al., 2019). In addition, the positive correlation between the
main cations (Ca?*, Mg®*, K*, and Na*) and SO.> shows that sulfate can come from silicates, salt
rocks, and dissolution and weathering of sulfate minerals (e.g. gypsum and anhydrite) (EImeknassi et
al., 2022; Lietal., 2013; Maurya et al., 2019).

Evolution of hydrochemical facies
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The classification of hydrogeochemical facies for groundwater is shown in Fig. 3. This diagram shows
two types of water. In the first group, the position of the data shows the Na-Cl type (about 78%)
where chloride and sodium are the main cations and anions. This group shows the influence of
seawater. In the second group, the data shows the mixed type (Ca-Mg-ClI) (about 22%), where calcium
and magnesium are the main cations and chloride is the main anion. These facies indicate that the
groundwater samples are associated with alkaline soil ions such as calcium and magnesium and strong
acidic anions such as chloride and sulfate. Such mixed waters indicate the dissolution of minerals
(Akshitha et al., 2021; Senthilkumar et al., 2017).

Cation exchange

As shown in Fig. 4, approximately 48% of the samples exhibit the hardening process (CAI>0), while
around 43% of the samples show the softening process (CAI<0). This suggests that the reverse and
base ion exchange occurs between the groundwater and the aquifer material in the study area. About
8% of the samples have CAI=0, indicating that there is a balance between cation exchange and reverse
cation exchange processes between the groundwater and the solid materials of the aquifer.

Water-rock reaction processes

Figure 5 indicates that groundwater samples were located in the area of evaporation and water-rock
interaction, suggesting that these are the primary factors controlling groundwater chemistry.
Groundwater samples in the Zarabad aquifer are located between the zones of global evaporative
dissolution and silicate weathering, indicating the simultaneous occurrence of these processes (Fig.
6).

Hydrochemical ion ratios and evidence of seawater intrusion

48% of the samples have Na*/Cl'<l and TDS>500 mg/L, which indicates seawater intrusion or
reverse cation exchange in the studied area (Fig.7a). Figure 7b shows that most of the samples are
above the 1:1 line. 35% of the samples were between the 1:1 and 2:1 line, which indicates the
dissolution of carbonate rocks containing calcite, and about 48% of the samples were above the 2:1
line, which indicates that Ca?* and Mg?* probably come from the weathering of silicates
(Jamshidzadeh, 2020). Figure 7c¢ shows that the samples placed on the 1:1 line are a result of the
dissolution of calcite, dolomite, and gypsum. An increase in Ca?* + Mg?* indicates a reverse cation
exchange due to the weathering of carbonate minerals, while an increase in HCO3™ + SO.* indicates

a cation exchange due to the weathering of silicate minerals (Cerling et al., 1989; Fisher & Mullican,
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1997; Kanagaraj et al., 2018). Figure 7d shows that most of the samples are below the 1:1 line, which

indicates the dominance of sulfate over calcium.

In groundwater samples, the Sr2*/ClI- ratio is similar to Ca?*/Cl-, suggesting that Sr?* in groundwater
is controlled by ion exchange and water-rock interaction (Fig. 8a,b) (Petelet-Giraud et al., 2016).
Figure 8c displays the ratio of SO4*/CI- versus CI.. This ratio decreases with increasing chloride,
indicating saltwater penetration in samples Z21, 222, Z23, and Z16 (Figures 8c and 9d). In Figure
8d, the concentration of B/CI" is plotted against CI. The B/CI ratio of the local seawater is 0.0004.
Some samples include Z1, Z3, Z4, Z5, Z6, and Z18 in the Zarabad aquifer with a high ratio of B/CI-
and Na*/CI" evidence of freshening, and other samples such as Z8, 210, Z11, 713, Z15, Z16, Z21,
and Z23 with low B/CI- and Na*/ClI" ratios show evidence of saltwater intrusion (Fig. 9 b,c).

Water quality for irrigation

The water quality for agricultural use is assessed based on some indices, including electrical
conductivity (EC), sodium percentage (Na%), sodium absorption ratio (SAR), residual sodium
carbonate (RSC), magnesium absorption ratio (MAR), permeability index (PI), Kelly’s ratio (KR),
and USSL and Wilcox diagrams (Table. 4). Generally, SAR, RSC, MAR, and PI indicators show that
water quality for irrigation purposes is of excellent to good quality. EC and KR show that 48 and 78%
of the samples have unsuitable quality, respectively. In addition, the USSL chart shows that most of
the samples fall in C3-S1quality rank (high salinity risk and low sodium absorption risk), C4-S2 (very
high salinity risk and moderate sodium absorption risk), and C4-S3 (high salinity and high sodium
absorption) (Fig.10b and 11b), and the Wilcox chart shows that 36% of the samples have
inappropriate quality for irrigation (10a and 11a).

Conclusion

e The main hydrochemical facies of underground water in the study area is Na-Cl.

e the position of the samples on the Gibbs diagram indicates that groundwater chemistry is
mainly controlled by water-rock interaction and evaporite dissolution.

e the results of the graphical method and ion ratios show that cation exchange (direct and
reverse), weathering of silicates, and seawater infiltration are the main factors controlling the
chemistry of groundwater. the groundwaters in the study area, located at a distance from the
Rabch River in the northwest and southeast, have lower ratios of B/CI-, Na*/CI-, and SOs*
/CI- compared to the samples located near the river. This indicates that saltwater has

penetrated these areas.
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Based on SAR and Na%, most samples are within the permissible range. The USSL diagram
indicates that the soil needs drainage, and if the drainage is done well, this water is suitable
for all plants. Also, the Wilcox diagram shows that about 35% of groundwater samples are
unsuitable for irrigation due to their high salinity. Therefore, it is necessary to strengthen
continuous monitoring of underground water quality and pay more attention to the quality
changes of groundwater in the future for sustainable development and human health.



