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Abstract
Water is one of the most basic entities, especially in semiarid regions where low precipitation and limited surface water 
resources bring more emphasis on the use of groundwater leading to endangering and overexploitation. Therefore, quantity 
with monitoring of groundwater quality at regular intervals becomes of utmost importance for understanding its suitability for 
drinking and irrigation. This study aims in understanding spatial variations and their trend in terms of quality over a decade 
(2010–2020) using different hydrochemical parameters in the vicinity of the coastal tracts of the Mundra block. Samples 
were analyzed for TDS, pH, EC, TH, major cations, and anions. Drinking suitability was identified by correlating parameters 
with WHO, BIS standards and by preparing WQI maps. Irrigational suitability was found by SAR, RSC, KI, Na %, MH, and 
PI. Reduced water level (RWL) values represented a further increase in the reversal flow of groundwater in a decade leading 
to an increment in salinity and seawater intrusion. The study area in most of the analysis is possessing much higher values 
above safer limits when compared to 2010 and 2020, making the water very much unacceptable for drinking and irrigation. 
The major cause in the area is overexploitation and unconditional deeper drilling, resulting in an increase in coastal salinity 
and seawater intrusion. The use of such water tends to harm agriculture, soil condition as well as human health.

Keywords  Semi-arid · Spatial variations · Salinity · Coastal aquifer · Kachchh

Introduction

Water is one of the most basic entities on the earth sys-
tem for the sustenance of mankind. Freshwater resources 
are crucial and are used for various motives such as drink-
ing, household, agricultural and industrial sector. One of 

the major contributors to governing all the sector’s needs 
is groundwater due to cheap and easily available explor-
ing technologies for a freshwater source. Out of 37 Mkm3 
estimated fresh water on our planet earth, groundwater 
contribution stands at 22% which nearly accounts for 97% 
of potential potable water for human consumption (Foster 
1998). With the increase in demands for freshwater, ground-
water drafting also increases causing an imbalance between 
exploitation to recharge leading to endangering and overex-
ploitation of this renewable resource, hence bringing dete-
rioration and depletion in aquifer systems. In particular, in 
arid to semi-arid regions where low precipitation and limited 
surface water resources bring more emphasis on the use of 
groundwater as a potential freshwater source (Scanlon et al. 
2006). This issue further peaks upward in a coastal region of 
arid to the semiarid regime where aquifers are of shallower 
to moderate depth and there is always a chance of increase 
in coastal salinity, seawater ingression, and water pollution 
due to over-drafting, which ultimately degrades the quality 
of groundwater (Chen et al. 2021, 2020, 2017; Qian et al. 
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2020). Therefore, with the quantity of groundwater, moni-
toring groundwater quality at regular intervals is of utmost 
importance for understanding its suitability for drinking, 
irrigation, and other daily needs. This kind of study also 
helps in understanding long-term behavior and variations 
in the quality of coastal aquifers, suitability of water for 
drinking and irrigation, salinity ingress or regress, seawa-
ter intrusion further moving landwards or retreating, etc. 
Earlier many researchers have conducted studies related to 
groundwater quality assessment, especially throughout India 
(Chintalapudi et al. 2017; Gautam et al. 2015; Jasrotia et al. 
2018; Praveena et al. 2010; Xu et al. 2019; Zhang et al. 2019, 
2020). Avtar et al. (2013) carried out hydrochemical studies 
for determining the suitability of groundwater for various 
purposes. Similarly, Lapworth et al. (2017) determined the 
hydrochemistry of top aquifers ranging up to 160 m. Tiwari 
et al. (2017) described spatial variations in groundwater 
quality parameters.

Kachchh district of Gujarat state has seen a great amount 
of growth over the last two decades in the industrial sector, 
especially along southeastern coastal tracts. Mundra block 
has become one of the crucial parts of the industrial and 
agricultural sector. As a result, there has been a great amount 
of increase in demands for freshwater which is mostly ful-
filled by the extraction of groundwater and through the piped 
water supply. This could make coastal aquifers highly vul-
nerable to deterioration and contamination by salinity water 
ingress, seawater intrusion, etc. Therefore, this study was 
aimed at understanding spatial variations and its trend in 
terms of quality over a decade using different hydrochemi-
cal parameters in the vicinity of the coastal tracts of Mundra 
block to understand water suitability for drinking, irrigation, 
and changes in the water quality over a decade along with 
groundwater flow variations for this coastal aquifer system 
which will help in identifying the behavior of coastal salinity 
and seawater ingress or regress.

Fig. 1   Geological map of study area (modified after Biswas 2016)
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Study area

The study is located between 22º 45′–22º 58′ and 69º 30′–69º 
50′ longitude in the southern region of the Kachchh basin in 
Mundra block near the coast (Fig. 1). This area covers about 
350 sq km area. This area also falls under Special Economic 
Zone (SEZ) as declared by the Government of Gujarat under 
the Government of India’s Industrial Development Policy 
(2005). Three major rivers flowing southward drains through 
the study area and debouches their water into the Gulf of 
Kachchh viz. Naagmati, Surai, and Bhukhi rivers. Due to 
the semiarid nature of the study area, the precipitation is 
quite low with an average annual rainfall of 361 mm which 
occurs mostly during the southwest monsoon. Temperatures 
are also high throughout the year standing at about 38–40 ºC 
in summer and 12–14 ºC in winter.

Geologically, the study area is marked by Deccan traps 
of late Cretaceous age which form the basement for Tertiary 
and Quaternary sequences. Figure 1 shows the geological 
map of the study area possessing rocks of Pliocene age con-
sisting of Kankavati series sandstones with intercalations 
of clay pockets, which are exposed in the upper portion 
of the study area. The sandstones and clay pockets show 
unconfined to semiconfined nature, and it forms a prolific 
aquifer in the coastal area for extraction of groundwater. The 
quaternary fluvial deposits overlie upon tertiary rocks and 
are exposed in the southern region of the study area. These 
quaternary deposits show fragile and unsorted nature with a 
mixture of sand and clay which forms a shallow unconfined 
aquifer in this region (Biswas 1993).

Methodology

The methodology adopted was divided into two components: 
(1) data collection and (2) data analysis.

Data collection

The present study scrutinized physiochemical parameters of 
Pre-monsoon 2010 and Pre-monsoon 2020 for 21 samples. 
Pre-monsoon 2010 physiochemical analysis of groundwa-
ter was acquired from research work conducted by Bhimani 
(2013), while for Pre-monsoon 2020, 21 groundwater sam-
ples were collected from borewells and dug-cum borewells 
in a high-quality polyethylene bottle of 1 L. The collected 
samples were systematically packed, sealed to avoid any sort 
of adulteration, and were brought to the laboratory for fur-
ther analysis. Total dissolved solids (TDS), pH, and electri-
cal conductivity (EC) were determined and collected in the 
field itself using a multi-parameter probe.

Data analysis

Hydrochemical Characterization

Collected water samples from the field were examined for 
total hardness as CaCO3 (TH), major cations (Na+, K+, Ca2+, 
Mg2+), and anions (HCO3

−, CO3
2−, Cl−, SO4

2−, NO3
−) using 

Standard Analytical Procedures given by (APHA 2005). 
Among these analyzed ions Na+ and K+ were determined 
using a Flame photometer. Ca2+, Mg2+, Cl−, CO3

2−, HCO3
−

, 
and total hardness were examined using titration methods. 
SO4

2− was evaluated using UV spectrophotometer. To assess 
drinking water suitability for 2010 and 2020 were compared 
with WHO (2017) and BIS (1998) standards. TDS, Cl−, and 
Na+ maps were prepared to understand spatial distribution 
for 2010 and 2020 in terms of water quality and its suitabil-
ity for drinking using ArcMap 10.4.1 software by Inverse 
Distance weighted (IDW) techniques.

Water Quality Index (WQI)

The water quality index was calculated and determined by 
using Eqs. (1), (2), and (3) and through classification pro-
vided by Brown et al. (1972). The steps adopted for water 
quality index calculations are as per Brown et al. (1972) 
using the weighted arithmetic method.

Step 1: Calculate the unit weight for each parameter by 
using the formula.

Sn = Standard desirable value of the nth parameter. On 
summation of all selected parameters unit weight factors, 
Wn = 1 (unity).

Step 2: Calculate the Sub-Index (Qs) value by using the 
formula

where Vn = mean concentration of nth parameters, 
Sn = standard desirable value of the nth parameters, 
Vo = actual values of the parameters in pure water (gener-
ally Vo = 0, for most parameters except for pH).

Step 3: Combining Step 1 and Step 2, WQI is calculated 
as follows:

The index was calculated for each well for the years 2010 
and 2020. These index values were then plotted in ArcGIS 

(1)Wn =
K

Sn
where K =

1
1

S1
+

1

S2
+

1

S3
+…+

1

Sn

=
1

Σ
1

Sn

(2)Qn =
[(Vn − Vo)]

[(Sn − Vo)]
× 100

(3)OverallWQI =
ΣWnQn

ΣWn
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software and were interpolated using Inverse Distance 
Weighting (IDW) to prepare WQI maps for 2010 and 2020.

Trilinear piper plot

Trilinear piper plot (Piper 1944) helps in representing com-
plex hydrochemical data to provide an insight in determin-
ing the various types of groundwater with its dominating 
constituents dissolved in water. Trilinear piper plot consists 
of two triangular fields one for the cations and the other for 
the anions with one central diamond plot. All cations (Ca2+, 
Na+ + K+, Mg2+) and anions (CO3

2− + HCO3
−, Cl−, SO4

2−) 
represented in meq/L were plotted on a piper plot to deter-
mine the geochemical evolution of the water during a decade 
with the help of Grapher software. Diamond field is clas-
sified into four categories as represented in Fig. 7 as I–IV.

Irrigation suitability

To understand the type of salinity changes during a decade 
within these coastal aquifers, Piper’s plotting was carried out 
for major ions using Grapher software. Similarly, to iden-
tify groundwater suitability for irrigation and changes dur-
ing a decade, different irrigation parameters analyses were 
conducted such as Electrical Conductivity (EC), Sodium 
Absorption Ratio (SAR), United States Salinity laboratory 
(USSL) diagram, Residual Sodium Carbonate (RSC), Kel-
ly’s Index (KI), Sodium (Na) Percent, Magnesium Hazard 
(MH) and Permeability Index (PI).

(a)	 Sodium %

The Na+ percentage is an essential irrigation parameter 
to describe the hazards of sodium in water systems. The 
higher presence of sodium in water tends to replace Ca2+ 
and Mg2+ in the soil causing variations in soil structure. 
Higher concentrations tend to reduce the permeability of 
the soil which ultimately reduces water circulation and air 
exchange (Kumar et al. 2007) which inhibits the growth of 
crops. Sodium percent was calculated in the study area using 
the given Eq. (4) as follows:

Wilcox (1955) classification for sodium % describes < 20 
to be in excellent, 20–40 in good, 40–60 in permissible, 
60–80 in doubtful, and > 80 to be under the unsuitable 
category.

(b)	 Sodium Absorption Ratio (SAR)

(4)
Sodium% = Na+ + K+ × 100∕

[

Ca2+ +Mg2+ + Na+ + K+
]

The sodium absorption ratio is one of the crucial param-
eters to determine the eligibility of groundwater for the 
use of irrigation as it has a direct relation with the capac-
ity of the water that a soil can absorb (Todd 1980). Higher 
sodium reduces the water absorbance capacity of the soil, 
and extreme input of sodium can destroy complete fertility 
and structure of the soil bringing low yield in crop produc-
tion. Therefore, the SAR value was calculated using Eq. (5) 
given by Richards (1954). All the values are in meq/L.

Richards (1954)-based classification of SAR values is 
as follows:  < 10 is considered to be excellent, 10–18 good, 
18–26 doubtful, and > 26 unsuitable for the irrigation.

(c)	 Residual Sodium Carbonate (RSC)

Higher concentrations of carbonate and bicarbonates 
in irrigational water have a great impact on crop yield and 
plants. High values of RSC tend to precipitate magnesium 
and calcium causing more adsorption of sodium on the soil 
leading to higher concentration values of sodium (Eaton 
1950). Increased values of RSC also cause the burning of 
leaves which results in lowering of photosynthesis process 
and bringing low yield (Ramesh and Elango 2012). All the 
parameters required for analysis were taken in meq/L. To 
calculate RSC, Eq. (6) was used.

Richards (1954)-based classification of RSC values is 
as follows:  < 1.25 is found to be safe/good, 1.25–2.50 mar-
ginal/doubtful, 2.5–5 unfit for irrigation, and > 5 is consid-
ered severely harmful to plants and human health.

(d)	 Kelly’s Index

Kelly’s index is defined as a ratio of

with the values taken in meq/L. This ratio is used for defin-
ing the suitability of water for irrigation. Based on Kelly 
(1946), concentrations < 1 are considered to be safe, 1–2 to 
be negligible, and values > 2 suggest an excess of sodium 
being present making it unsuitable for irrigation.

(e)	 Magnesium Hazard (MH)

Ca2+ and Mg2+ are considered to be in equilibrium within 
the groundwater systems. Higher concentrations of magne-
sium cause soil to turn into alkaline, impermeable, and bring 

(5)SAR =
Ca2+

[(

Ca2+ +Mg2+
)

∕2
]0.5

(6)RSC =
(

HCO−
3
+ CO2−

3

)

−
(

Ca2+ + Mg2+
)

(7)Na+∕(Ca2+ +Mg2+)
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low crop yield. Based on Paliwal (1972), MH value > 50% 
is considered to be suitable for irrigation, while < 50% is 
considered to be completely unsuitable for irrigation. 

 

(f)	 Permeability Index (PI)

The permeability of the soil is highly affected by con-
centrations of cations and anions. Higher concentrations 
of Ca2+, Na+, Mg2+, and HCO3

− reduce the permeability 
of the soil. Therefore, the permeability index is essential 
to be identified for the irrigational sector. Doneen's (1964) 
classification was used for identifying suitability which 
describes percentages, > 75 is considered to be of class-I 
(good) category, 25–75 under class-II (suitable), and < 25 
under class-III (unsafe). Equation (9) was used to derive PI 
was as follows:

Groundwater flow, recharge, and discharge 
areas

The movement and circulation of groundwater are crucial 
aspects of the hydrological cycle. It becomes an essential 
component for demarcating the boundaries of recharge and 
discharge areas of any basin. Furthermore, it also helps in 
identifying the source areas of contamination and pollut-
ants (Olea-Olea et al. 2019; Wang et al. 2015). Therefore, 
groundwater flow was identified using reduced water levels 
(RWL). RWL values were determined using elevation data 
of borehole and water levels between 2010 and 2020. Eleva-
tion values were subtracted from water level values of 2010 
and 2020 to calculate RWL values.

Results and discussion

Physiochemical analysis distribution 
of groundwater

In the coastal areas, the chemical composition of ground-
water depends on geochemical processes that occur within 
the aquifer systems, changes are also bound to happen due 
to coastal seawater intrusion, anthropogenic activities, etc. 
Table 1 shows physiochemical parameters for the years 2010 
and 2020 with calculations of maximum, minimum, mean, 

(8)
Magnesium Hazard (MH) = Mg2+ × 100∕

(

Ca2+ +Mg2+
)

(9)
PI =

[

Na2+ +
(

HCO−
3

)0.5
]

× 100∕
[

Na2+ + Ca2+ +Mg2+
]

variance, and standard deviation. According to the criteria 
given by WHO and BIS, the maximum desirable limit for 
TDS is 500 mg/l and the maximum permissible limit is 1000 
and 2000 mg/l respectively. The study area showed a maxi-
mum value of 10,000 mg/l in Jarpara village, the minimum 
value was found to be 740 mg/l in Bhorara village with a 
mean of 2885 mg/l during the year 2010, while during 2020, 
the study area showed a maximum value of 12,340 mg/l in 
Jarpara village and a minimum value of 715 mg/l in Bhorara 
village with a mean of 2766 mg/l (Tables 1 and 3). There are 
no water samples found within the desirable limit recom-
mended by WHO and BIS for 2010 and 2020. A classifica-
tion carried out based on Davis and Wiest (1966) for TDS as 
shown in Table 2 showed that no water samples are within the 
advisable limit for drinking. Similarly, water samples showed 
a marked increase in permissible limit from 4.76% in 2010 
to 14.28% in 2020. While water type which is useful for irri-
gation has shown a tremendous amount of reduction from 
76.19 to 52.38% from 2010 to 2020, respectively. Moreover, 
an increase in the category of unfit for drinking and irrigation 
has shown a rise from 19.04% in 2010 to 33.33% in 2020 
(Table 2). Spatial distribution for TDS for 2010 and 2020 
(Fig. 2) shows that in 2010, the southwestern and northeast-
ern parts with sampling sites E3, E4, A11, and E1 showed a 
very high amount of TDS values which ranged from moder-
ately saline to hypersaline zones. However, in 2020 there has 
been a marked increase in TDS value throughout the study 
area near the coast (Fig. 2) with an increase in value up to 
Bhujpar-moti village. Sampling sites E3, E4, A11, E1, E5, 
D9, B12, and B4 sites showed moderately saline to hyper-
saline nature, while the rest other locations away from the 
coastal line showed a good to brackish nature. This analysis 
tends to suggest that overall, there has been an increase in the 
amount of salinity near the coast which could be due to an 
increase in overexploitation leading to seawater intrusion in 
the coastal aquifers and anthropogenic activity.  

pH is an indispensable component to determine water 
quality. Higher or lower pH values than the desirable limits 
could be harmful to human health and even to crop produc-
tion in the agricultural sector. In 2010, pH was in the range of 
neutral to slight alkaline in nature, while in 2020, pH showed 
a range from slightly acidic to alkaline nature. Desirable pH 
according to WHO and BIS ranges from 6.5 to 8.5, while the 
permissible limit is 6.5–9.5 according to BIS. In the study 
area in 2010, the maximum and minimum values of pH were 
found to be 8 and 6.8, respectively, with a mean of 7.39. No 
samples were found above or below desirable limits. During 
2020 maximum and minimum values were 9.05 and 6.2 with 
a mean of 7.97. 35.09% (8 samples) were found to be above 
or below the desirable limits, and 64.91% of samples were 
found within desirable limits as recommended by WHO and 
BIS. 4.76% (1 sample) sample showed below the permissible 
limit according to BIS standards (Tables 1 and 3). The mean 
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of 7.97 during 2020 shows slight alkaline nature of the water 
which indicates ingress of brackish water along with these 
coastal aquifers and use of an excess of fertilizers.

Electrical conductivity (EC) represents the amount 
enrichment of salt and its concentration within the water. 
The maximum limit desirable for EC given by WHO is 
1500  µs/cm and according to BIS standards maximum 
permissible limit is 3000 µs/cm. EC ranged from 1156 to 
15,625 µs/cm during 2010 with a mean of 4507 µs/cm. 

Table 2   Classification of groundwater based on TDS (Davis and De 
Wiest 1966)

TDS Mg/l Water type % of samples

2010 2020

 < 500 Desirable for drinking  −   − 
500–1000 Permissible for drinking 4.76 14.28
 < 3000 Useful for irrigation 76.19 52.38
 > 3000 Unfit for drinking and irrigation 19.04 33.33

Fig. 2   Geospatial distribution of total dissolved solids (TDS) (Mg/L) of 2010 (Bhimani 2013 and 2020)

Table 3   Statistical analysis of physicochemical parameters of the groundwater samples

Sr 
No.

Parameters WHO guidelines (2017) BIS standards (1998) Range Mean-stand-
ard deviation 
(SD)

Mean-standard 
deviation (SD)

Desirable 
limit

permissible 
limit

Desirable 
limit

Permissible 
limit

2010 2020 2010 2020

1 TDS (mg/l) 500 1000 500 2000 740–10,000 715–12,340 2885 ± 2383 3338 ± 2766
2 pH 6.5–8.5 6.5–8.5 6.5–9.5 6.8–8.0 6.2–9.05 7.39 ± 0.298 7.97 ± 0.860
3 EC (µs/cm) 1500  −   −  3000 1156–15,625 1420–16,200 4507 ± 3723 5734 ± 4022
4 Total 

Hardness 
(CaCO3) 
(mg/l)

300 600 300 600 40–4300 100–2215 536 ± 959.41 373.7 ± 480.21

5 Ca2+ (mg/l) 75 200 75 200 8–696 14–735 78 ± 150.27 86.7 ± 159.39
6 Mg2+ (mg/l) 50 150 30 100 0–86 8–99.6 19 ± 24.89 38.2 ± 29.59
7 Na+ (mg/l)  −  200  −  200 220–2628 141–2880 910 ± 674.63 984.8 ± 733.70
8 K+ (mg/l)  −  12  −   −   −   −   −   − 
9 CO3

2− (mg/l)  −   −   −   −  30–120 22–110 59 ± 25.94 63.2 ± 23.79
10 HCO3

− 
(mg/l)

 −   −   −   −  214–1007 145–1310 555 ± 209.23 552.4 ± 270.46

11 Cl− (mg/l) 200 600 250 1000 213–638 170–2623 430 ± 123.43 791.9 ± 638.11
12 SO4

2− (mg/l) 200 400 200 400 163–4118 45–4630 576 ± 895.43 522.6 ± 1015.39
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In 2020, it ranged between 1420 and 16,200 µs/cm. The 
higher values are found in Jarpara and Ragha villages in 
2010, while in 2020 they are found higher in Jarpara, Ragha, 
Goersama, and Kapaya Nana. Only 4.76% (1 sample) sample 
during 2020 falls under the desirable limit recommended by 
WHO in 2010 and 2020. According to BIS standards in total, 
57.14% (12 samples) samples were found to be under the 
maximum permissible limit and 42.86% (9 samples) were 
found to be saline and unfit for drinking in 2010. In 2020, 
only 23.80% (5 samples) of water samples are found to be 
under the maximum permissible limit, and the rest 76.2% 
(16 samples) of samples were found to be unfit for use in 
drinking (Tables 1 and 3). The larger mean values during 
2010 and 2020 also suggest the higher amount of salt content 
and salinity within the region, especially along the coast, 
which are caused by a greater amount of extraction resulting 
in a higher amount of salts due to ingress of brackish water 
in the calcareous sandy aquifer near the coast.

Total hardness (TH) is defined as the total concentra-
tion of Ca2+ and Mg2+ in mg/l as CaCO3 which practically 
implies the amount of resistance that water provides to form 
frothy soap foams (Saana et al. 2016). Within the study area, 
total hardness was found in the range of 40–4300 mg/l with 
a mean of 536 mg/l. In 2020, the range was found to be 
100–2215 mg/l having a mean of 373.7 mg/l (Table 1). The 
maximum desirable and permissible limit provided by BIS 
is 300–600 mg/l respectively (Table 3). 66.66% of samples 
(14 samples) showed values within the desirable limit while 
33.33% of samples (7 samples) showed values above desir-
able limits during 2010. Similarly, 80.95% of samples (17 
samples) were accounted to be within the permissible limit 
and 19.04% of samples (4 samples) were above the permis-
sible limit in the 2010 year. In 2020, 71.42% samples (15 
samples) were found under the desirable limit and 28.57% 
samples (6 samples) were observed beyond the desirable 
limit. 19 samples were found to be within the maximum 
permissible limit accounting for 90.47% and only 9.52% (2 
samples) samples showed results beyond the permissible 
limit during 2020 as per the recommended BIS standards. 
Table 4 shows the classification of total hardness based on 
WHO (2017) showed that 2 samples were found to be soft, 4 
samples were medium hard, 8 samples were hard and 7 sam-
ples were very hard during 2010, while in 2020, no samples 
were found in the soft category, 8 samples were medium 

hard, 7 samples were hard, and 6 samples were found very 
hard. A higher amount of hardness brings scales on utensils, 
pipes, water heaters, etc. The use of hard water also leads to 
many diseases such as cardiovascular, cancer (Durvey et al. 
1991), etc. The hardness of water could be due to the pres-
ence of alkaline minerals that are present in a higher amount 
within the lithological units.

Calcium (Ca2+) and magnesium (Mg2+) are the major 
contributors in increasing the hardness of the water. An 
increase of calcium and magnesium in water causes scales 
on utensils, cloths, doesn’t allow soap to get dissolved, etc. 
As shown in Table 3, the desirable and maximum permis-
sible limits as per WHO and BIS standards for calcium are 
75–200 mg/l, respectively. In 2010, maximum and mini-
mum values for calcium were 696 and 8 mg/l with a mean 
of 78 mg/l. In 2020, maximum and minimum values stood 
at 735 and 14 mg/l with an average value of 86.7 mg/l for 
calcium. Out of the total samples, 80.95% (17 samples) of 
the samples were found to be within the desirable limit as 
per WHO and BIS standards, and the rest 19.04% (4 sam-
ples) were observed to be above the desirable limit in 2010 
(Tables 1 and 3). However, 90.47% (19 samples) samples 
were observed under the maximum permissible limit and 
9.52% (2 samples) were seen to be beyond the permissible 
limit in 2010. In 2020, similar kinds of results were observed 
where 80.95% were within the desirable limit, 19.04% of 
samples were beyond desirable, 90.47% were within the 
permissible limit, while the rest 9.52% were beyond the 
permissible limit. All the samples during 2010 and 2020 
were found within the permissible limit (Tables 1 and 3). 
Magnesium's desirable limit and permissible limit as per 
WHO are 50 and 150 mg/l, while Indian standard desirable 
limit and permissible limits are 30 and 100 mg/l. Maximum 
and minimum values stood at 86 and 0 mg/l with a mean of 
19 mg/l during 2010. In 2020, maximum and minimum val-
ues were observed to be 99.6 and 8 mg/l, respectively, with 
a mean of 38.2 mg/l. This analysis shows an almost doubling 
of mean values in a decade. Although all the samples during 
2010 and 2020 fulfilled WHO and BIS standards and were 
found within the maximum permissible limit. But, according 
to BIS and WHO desirable limits 80.95% were within the 
desirable limit and 9.52% were above the desirable limit in 
2010. In 2020, slight reduction in percentage was observed 
where 76.19% and 61.90% samples were within desirable 

Table 4   Classification of total 
hardness (TH) (WHO 2004)

Classification Hardness range (mg/l) Range (no. of samples) 2010 
(mg/l)

Range (no. of sam-
ples) 2020 (mg/l)

Soft 0–75 40–70 (2 samples)  – 
Medium hard 75–150 90–130 (4 samples) 100–150 (8 samples)
Hard 150–300 170–250 (8 samples) 160–290 (7 samples)
Very hard Above 300 340–4300 (7 samples) 361–2215 (6 samples)
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limits as per WHO and BIS, respectively, and 23.80% and 
38.09% were beyond desirable limits according to WHO and 
BIS (Tables 1 and 3). The main cause of calcium and mag-
nesium in water is lithological control.

Sulfate (SO4
2−) is a naturally occurring soluble salt within 

the groundwater systems. Generally, these salts are found 
inherently within the rock formations rich in clay or gyp-
sum-rich rock formations. Sometimes these are picked up 
by surficial water and are moved in a dissolved form during 
the infiltration process resulting in a high number of sulfates 
within groundwater. As shown in Table 1, the maximum and 
minimum values found for 2010 were 4118 and 163 mg/l 
with the mean value being 576 mg/l. In 2020, maximum 
and minimum values were 4630 and 45.25 mg/l with a mean 
value of 522.6 mg/l. Only 4 samples accounting for 19.04% 
were found within desirable drinking water limits, while the 
rest 80.95% (17 samples) were beyond desirable limits dur-
ing 2010. But, most of the samples were observed within 
the permissible limit (76.19%) and only 5 samples (23.80%) 
were beyond the permissible limit in 2010 as per WHO and 
BIS standards (Tables 1 and 3), while in 2020 it was found 
that 52.38% (11 samples) samples were within desirable lim-
its and 47.61% (10 samples) were above desirable limits. 
71.42% (15 samples) samples were found within maximum 
permissible limits, while 28.57% (6 samples) were found 
beyond permissible limits (Tables 1 and 3). The main cause 
of sulfate found, appears to be seawater ingression and the 
presence of clayey formations pockets stretching over a large 
extent within this sandy aquifer.

Between carbonate (CO3
2−) and bicarbonate (HCO3

−), 
the latter was observed to be a dominating ion within the 
water samples. Carbonate ranged between 30 and 120 mg/l 
with an average value of 59 mg/l in 2010. In 2020, it ranged 

from 22 to 110 mg/l with a mean value of 63.2 mg/l. Bicar-
bonate ion being dominant was found to be in the range of 
214–1007 mg/l with a mean value of 555 mg/l during 2010, 
and during 2020 it ranged between 145 and 1310 mg/l with 
an average value of 552.4 mg/l (Tables 1 and 3).

Chloride (Cl−) is major and important ion present 
within groundwater. Chloride can originate in ground-
water with multiple possibilities, which can be anthro-
pogenic or natural. Sources of anthropogenic could be an 
industrial waste, use of excess fertilizers, and dumping of 
waste within the subsurface (Appelo and Postma 1996). 
Natural sources could be the leaching of evaporites and 
halites, due to the dissolution of salt minerals, and seawa-
ter ingression. Desirable limits and permissible limits pro-
vided by WHO and BIS are 200, 600, and 250, 1000 mg/l, 
respectively (Table 3). The study area showed maximum 
and minimum values of 638 and 213 mg/l, respectively, 
with a mean value of 430  mg/l during the year 2010 
(Tables 1 and 3). In 2020, maximum and minimum values 
were observed as 2623 and 170.2 mg/l with a mean of 
791.9 mg/l. There has been a marked increase in maximum 
value, mean value, and standard deviation which shows a 
greater amount of increase in chloride ions (Tables 1 and 
3). According to WHO standards, no samples were found 
within the desirable limit in 2010. Only 9.52% (2 samples) 
were found beyond the maximum permissible limit and the 
rest 90.48% samples (19 samples) were observed within 
the permissible limit during 2010. Similarly, according to 
BIS 9.52% of samples were within the desirable limit and 
90.48% were above the desirable limit in 2010 (Tables 1 
and 3). All the samples were within the permissible limit 
as per BIS standards in 2010. In 2020, as per WHO, 9.52% 
of samples were under the desirable limit and 90.48% of 

Fig. 3   Geospatial distribution of chloride (Mg/L) of 2010 (Bhimani 2013 and 2020)
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samples were beyond a desirable limit. Only 57.14% of 
samples were found under the maximum permissible limit, 
while the rest 42.85% were beyond the permissible limit. 
Only 14.28% samples (3 samples) were found under the 
desirable limit and the rest 85.71% (18 samples) were 
beyond the desirable limit in 2020 as per BIS. 76.19% 
(16 samples) fulfilled BIS standards and were found to be 
within permissible limits and the rest 23.80% (5 samples) 
were surpassing the maximum permissible limit in 2020 
(Tables 1 and 3). Figure 3 shows spatial distribution values 
of chloride of 2010 and 2020 which indicates very high 
concentrated chloride water being present in a study area 
during 2020. This also indicates that this area is suffering 
from very high chloride-enriched groundwater in a span of 
merely a decade. The major cause of high chloride values 
in a decade is due to overexploitation and over-drafting of 
groundwater in these coastal areas and the deepening of 
wells and borewells which are causing seawater to move 
inland by making it rich in chloride and contaminate the 
coastal aquifer systems of the surrounding as well.

Sodium (Na+) is one of the most abundant elements 
on the surface; therefore, it is often found in groundwater 
systems. The maximum permissible limit recommended 
by WHO and BIS is 200 mg/l. Higher intake is hazard-
ous which can cause high blood pressure, hypertension, 
kidney stones, etc. In 2010, all the samples exceeded the 
maximum permissible limit with maximum and mini-
mum values being 2628 and 220 mg/l. The mean value 
was 910 mg/l with a standard deviation of 674.63 mg/l 
(Tables 1 and 3). In 2020, only 2 samples were found 
within the permissible limit rest of the samples exceeded 

permissible limits. Analysis showed a maximum value 
of 2880 mg/l and a minimum value of 141 mg/l with an 
average value of 984.8 mg/l (Tables 1 and 3). In the study 
area generally, most of the samples showed much higher 
values than the permissible limit. The spatial distribution 
map (Fig. 4) shows much higher values near the coast in 
2010 and 2020. Over a decade, sodium values tend to have 
increased. The area of 1000–1500 mg/l value shows much 
increase in a decade. The root cause of much higher values 
is the inherent presence of Na-rich minerals and seawater 
intrusion at certain locations due to over-drafting and deep 
drilling.

Potassium (K+) values were found within the WHO 
standards since it was not detected within the water sam-
ple during 2010 and 2020.

Water quality index

The water quality index was evaluated to determine ground-
water quality suitability for drinking. The water quality 
index by the weighted arithmetic method brings complex 
chemical data into a single value by generating a tally to eas-
ily understand the quality conditions in a given area (Boya-
cioglu 2007). Water quality index values ranged from 39.17 
to 341.87 in 2010, while in 2020, it ranged from 64.04 to 
327.82 (Table 5). The minimum value was seen in Mangra 
and near Jarpara village in 2010 and 2020. The maximum 
value was observed at Jarpara village in 2010 and 2020. 
The study area showed much more deterioration and higher 
values of WQI in 2020 as compared to 2010 (Fig. 5). Table 6 
shows classification according to Brown et al. (1972) and 
spatial distribution area of WQI which suggests that good, 
poor, very poor, and unfit accounted for 1.20, 32.53, 40.46, 

Fig. 4   Geospatial distribution of sodium (Mg/L) of 2010 (Bhimani 2013 and 2020)
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and 25.79%, respectively, in 2010. 2020 showed 0.40% 
area under poor, 5.533% area under very poor, and 94.32% 
under unfit category. Unfit category distribution showed an 
increase of 68.53% area in 10 years. This suggests that most 
of the study area's groundwater is unfit and unsuitable for 
drinking.  

Fig. 5   Water quality index (WQI) maps for the year 2010 and 2020

Table 6   Classification of WQI using weighted arithmetic method 
(Brown et al. 1972)

WQI RANGE STATUS Area % 2010 Area % 2020

0–25 EXCELLENT  –   – 
26–50 GOOD 1.20  – 
51–75 POOR 32.53 0.140
76–100 VERY POOR 40.46 5.533
 > 100 UNFIT FOR DRINK-

ING
25.79 94.326

Fig. 6   Piper (1944) plot trilinear plot diagrams showing hydrochemical characteristics of groundwater for 2010 and 2020
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Piper trilinear plot

2010 plot showed that all the samples were found to be 
dominated by sodium and potassium type as cations. Ani-
ons showed 57.14% of samples were of no dominant type 
followed by 14.28% samples of sulfate type, 14.28% samples 
were bicarbonate type, and 14.28% of chloride type in 2010. 
85.71% of samples (18 samples) were dominated by type II 
(Na+–K+–Cl−–SO4

2−) type of water, while the rest 14.28% 
of samples (3 samples) showed Ca2+–Na+–HCO3− type in 
2010 (Fig. 6). However, in 2020, 100% of samples repre-
sented Na+ + K+ (D type)-type cations dominant. Anions 
showed samples being more dominated by Chloride type 
(G type) accounting for 57.14% (12 samples) followed by 
33.33% under no dominant type (B type) and 9.52% (2 sam-
ples) showing sulfate type (F type) (Fig. 6). Diamond plot 
showcased 100% samples being of Na+–K+–Cl−–SO4

2− type 
(Type II) as shown in Fig. 6. This piper plot of 2010 and 
2020 indicated that anions are more dominated by Cl− ions 
(57.14%) in 2020 as compared to 2010 which showed only 
14.28% samples representing Cl− ions.

Groundwater suitability for irrigation

Groundwater is an essential element for irrigation purposes. 
In Kachchh, 75% agriculture sector is fed by groundwater 
resources (Keesari et al. 2014). As a result, good water qual-
ity for irrigation becomes essential as groundwater quality 

has a direct impact on crop productivity yield, soil perme-
ability, and fertility of the soil. To determine groundwa-
ter’s suitability for irrigation, electrical conductivity (EC), 
sodium absorption ratio (SAR), United States Salinity Labo-
ratory (USSL) diagram, residual sodium Carbonate (RSC), 
Kelly’s index (KI), sodium (Na+) percent, magnesium haz-
ard (MH) and permeability index (PI) were used (Table 5).

Sodium %

Sodium percent values ranged between 73.12 and 96.8 
in 2010 and in 2020 it ranged between 54.88 and 95.34% 
(Table 5). Based on the classification of Wilcox (1955), it 
was observed that no samples were in an excellent, good and 
permissible category in 2010. 90.47% samples (19 samples) 
were seen under the unsuitable category and 9.52% samples 
(2 samples) were observed under the doubtful category in 
2010. In the 2020 year, 71.42% of samples (15 samples) 
were found unsuitable for irrigation while, 23.80% (5 sam-
ples) and 4.76% (1 sample) were under the doubtful and 
permissible category. Wilcox (1955) plot for sodium percent 
versus electrical conductivity showed that 71.42% samples 
(15 samples) were unsuitable for irrigation, 23.80% (5 sam-
ples) were doubtful to unsuitable, and 4.76% (1 sample) 
were found to be under permissible to doubtful during the 
year 2010 (Fig. 7). A 2020 year showed that 76.19% of sam-
ples were completely unsuitable for irrigational use, while 
each two–two samples were found to be under permissible to 
doubtful and doubtful to unsuitable categories, respectively. 

Fig. 7   Wilcox plot diagrams for the classification of groundwater based on electrical conductivity (µs/cm) and sodium % for 2010 and 2020
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Only 4.76% (1 sample) was found under the good to permis-
sible category (Fig. 7). More than 85% of samples are found 
to be doubtful to unsuitable and unsuitable categories. The 
study area is highly affected by the excess high sodium haz-
ard and high salinity.

Sodium absorption ratio (SAR)

Classification based on SAR values delineates that 57.14% 
(12 samples) and 19.04% (4 samples) were found under the 
unsuitable and doubtful category for irrigation in 2010. Only 
1 sample and 4 samples were observed to be in the excel-
lent and good category, respectively. In 2020, 52.38% (11 
samples) were found doubtful and 19.04% (4 samples) in the 
unsuitable category. Four samples were identified as excel-
lent and two samples of good category. Overall, there is a 
higher value of SAR in 2010 and 2020. There has been a 
reduction in the unsuitable category in 2020 and an increase 
in percentage in the doubtful category, but still values are 
much higher which are harmful for irrigation and it requires 
very good drainage to compensate it. United States Salin-
ity Laboratory (USSL) diagram was taken for checking the 
suitability for 2010 and 2020. EC versus SAR was plotted, 
EC was used as salinity hazard, and SAR value was used as 
alkalinity hazard (Fig. 8). Most of the samples fall under 
the C4S4 class with 66.66% (14 samples) and 61.90% (13 
samples) having very high Sodium and very high salinity 
between 2010 and 2020 representing very bad quality water. 
Two samples showed C3S2 having high salinity but medium 

sodium, 1 sample represented C3S4 having high salinity and 
very high sodium, 2 samples were observed under C4S3 
which had very high salinity and high sodium, and 2 samples 
showed C4S2 configuration with high salinity and medium 
sodium during 2010 (Fig. 8). The year 2020 analysis showed 
3 samples having C3S1, 3 samples fell under C4S3 con-
figuration, while 1 each sample fell under C4S1 and C4S2, 
respectively. Most of the samples on average showed high 
salinity to very high salinity and high sodium which repre-
sents that water is of bad to very bad quality as per the USSL 
chart in the study area.

Residual sodium carbonate (RSC)

In the year 2010, RSC values ranged from 0.13 to 
16.25 meq/L (Table 5). RSC values of 2010 suggested 
that a combined 71.42% of samples accounted for unfit 
and harmful categories. Results showed that 14.28% sam-
ples (3 samples) were safe, 14.28% samples (3 samples) 
marginal, 28.57% (6 samples) under the unfit category, and 
42.85% samples (9 samples) were found under the severely 
harmful category for plants and human health in 2010. 
The 2020 year accounted for a total of 52.37% of sam-
ples under the unfit to severely harmful category. 38.09% 
(8 samples) samples were found safe, 9.52% (2 samples) 
were marginal, 33.33% (7 samples) were unfit, and 19.04% 
(4 samples) were under the harmful category. Compari-
son between 2010 and 2020 shows that there has been an 
increase in the percent of safe water as per RSC values 

Fig. 8   US salinity diagram (USSL) for classification of irrigation water for the year 2010 and 2020
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and an increase in the unfit category but a decrease in the 
severely harmful category during 2020. Higher amount of 
bicarbonate values as seen in Tables 1 and 5 could be one 
of the causes of increased sodium values.

Kelly’s index

In the year 2010, values ranged between 2.72 and 
30.25 meq/L. All the samples observed, showed values 
greater than 2 making it unacceptable for irrigation in 2010, 
while in 2020, values ranged from 1.22 to 20.47 meq/L. Two 
samples were under the negligible category, while the rest 19 
samples (90.47%) were completely unacceptable for irriga-
tion in the year 2020. Overall, the study area shows much 
higher values than safe and negligible ranges.

Magnesium hazard (MH)

MH ranged between 0 and 71.42% in the year 2010 while, 
ranged between 17.26 and 75.22% in 2020 (Table 5). 14.28% 
(3 samples) samples were observed under the suitable cat-
egory, while the rest 85.71% (18 samples) were seen as 
unsuitable for irrigation. In 2020, 61.90% (13 samples) were 
under the suitable category and 38.09% (8 samples) were 
found under the unsuitable category.

Permeability index (PI)

All ion values taken for analysis are in meq/L. Permeability 
index ranged between 74.31 and 111.49 in 2010 and in 2020, 
it showed ranges between 72 and 103.85 (Table 5). In the 

year 2010, 95.23% of samples (20 samples) were under the 
class-I category representing good permeability, and only 
1 sample was observed in the class-II category having suit-
able PI. No samples were found in the unsafe category in 
the year 2010. The year 2020 showed similar trends with 
90.47% samples showing class-I type having good perme-
ability index and 2 samples showing class-II type having 
suitable permeability. Similar to 2010, in 2020 no samples 
were seen under class-III type having unsafe PI.

Groundwater flow, recharge, and discharge 
evaluation

In the year 2010, Groundwater showed RWL contour val-
ues ranging from 5 to − 65 m (Fig. 9). Mostly the sub-
surface groundwater flow was observed to be towards the 
southwestern side. Within the study area, subsurface highs 
and lows are found in groundwater flows. The highs dur-
ing 2010 were found near Gundala, and Raga village on 
the east, and Deshalpar on the west which act as recharge 
zones for groundwater. Subsurface lows were found near 
Pragpar, Mota-Kapaya, and Mangra where Groundwa-
ter accumulation occurs. Reversal of Groundwater flow is 
observed near Shiracha, Navinal, Jarpara and on the western 
side of the Moti-Bhujpar village which shows flow toward 
north-to-northeast direction (Fig. 9). In the year 2020, the 
RWL values ranged between 0 and − 80 m. Most of the 
groundwater flows from the southwest to the south direction. 
Subsurface highs were observed near Gundala and Raga vil-
lages where groundwater recharge occurs, and subsurface 
lows were observed near Pragpar, Mota-Kapaya, Mangra, 

Fig. 9   Reduced water level (RWL) map showing groundwater flow directions for 2010 and 2020
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and Deshalpar Village. Reversal of groundwater flow was 
observed near Shiracha, Navinal, Jarpara, Nana-Kapaya, 
Mundra, and south of Deshalpar village in the year 2020 
(Fig. 9). Recharge areas occur on the northern ends of the 
study area, and the discharge areas occur on the southern end 
of the study area. There has been a marked increment in the 
area of groundwater reversal flow during 2020 in compari-
son with 2010. Most of the area showed an increase in the 
negative values of RWL which represents depleting ground-
water levels in the study area in a decade (Fig. 9).

Conclusion

The analysis and understanding of hydrochemical param-
eters revealed that overall, the water quality has much more 
deteriorated within one decade. Physiochemical analysis 
of groundwater showed that TDS values have increased by 
manifold, and no water samples were found within the desir-
able limits of drinking given by WHO and BIS standards for 
the years 2010 and 2020. In 2010, 76.19% of samples were 
found to be useful for irrigation which reduced to 52.38% 
in 2020 and 19.04% of samples were found unfit for both 
drinking and irrigation which rose to 33.33% in 2020. Based 
on pH, the water showed slight alkaline nature with an aver-
age pH value being 7.97 in 2020. No water samples were 
observed beyond desirable limits in 2010, while 35.09% of 
samples were observed beyond the desirable limit in 2020. 
The larger mean values of EC in 2010 and 2020 show a 
high amount of salinity and salt content. 42.86% of samples 
were saline and unfit for drinking in 2010 which increased to 
76.2% in 2020. According to WHO (2017), 71.42% of sam-
ples were found to be hard to very hard in 2010 and it was 
61.90% during 2020.19.04% of samples for TH were found 
to be beyond permissible limit according to BIS in 2010 and 
it showed only 9.52% during 2020. For the sulfate, 80.95% 
of samples were beyond desirable and 23.80% were above 
permissible limits in 2010, and in 2020, 47.61% of samples 
were found above desirable and 28.57% beyond permissible 
limit in 2020. The area was found to be dominated by bicar-
bonate ions during 2010 and 2020. The water samples were 
also found to be dominated by sodium and chloride ions with 
a marked increase in mean values of sodium and chloride 
in the year 2020. In all the samples, sodium exceeded the 
permissible limit in 2010 and only one sample was found 
within the permissible limit in 2020 (WHO and BIS). Chlo-
ride values were within the permissible limit for all the sam-
ples during 2010, while in 2020, 23.80% of samples were 
marked with very high values of chloride which were much 
higher values than permissible limits (BIS). Evaluation of 
WQI suggested that 2010 accounted for 25.79% of the area 
is unfit for drinking which increased up to 94.32% in 2020. 
Determination of hydrochemical facies showed that 85.71% 

of samples were dominated by Na+–K+–Cl−–SO4
2− type and 

14.28% were dominated by Ca2+–Na+–HCO3
− type during 

the year 2010. The year 2020 samples showed that all sam-
ples are dominated by Na+–K+–Cl−–SO42− type of water.

Among irrigation suitability, sodium percent repre-
sented that all samples were found to be in the doubtful 
to the unsuitable category for the year 2010. In the year 
2020, 95.22% of samples were seen to be under the doubt-
ful to unsuitable category. Wilcox's (1955) plot suggested 
that more than 85% of samples are under the category 
of doubtful to unsuitable category during 2010 and 2020 
which represents, higher salinity and sodium values in the 
area. SAR values represented that 76.18% of samples were 
unsuitable to doubtful in 2010 and 72.42% in 2020. USSL 
chart also showcased that most of the samples have high 
to very high salinity and high sodium hazard in 2010 and 
2020. Residual sodium carbonate (RSC) values demar-
cated that 71.42% of samples were under the harmful to 
unfit category and 14.28% were under the safe category 
in 2010, while 52.37% of samples were harmful to unfit 
in 2020 and 38.09% of samples were found to be in a safe 
category. Kelly’s index highlighted the presence of excess 
sodium, all the samples showed excess sodium, and the 
values were unacceptable for irrigation in 2010. Similarly, 
90.47% of samples were found unacceptable in 2020. Mag-
nesium hazard (MH) values suggested that 85.71% of sam-
ples were unsuitable for irrigation in 2010, while the year 
2020 showcased 61.90% of samples were unsuitable for 
irrigation. Most of the samples for the permeability index 
(PI) showed good permeability for the years 2010 and 
2020 which accounted for 95.23 and 90.47%, respectively.

Most values in the study area are above safer limits, 
making the water very much unacceptable for drinking 
and irrigation. The prime causes for such conditions in the 
area during 2020 are:

•	 Overexploitation of groundwater
•	 Unconditional deeper drilling in search of fresh water 

owing to the agricultural activities and industrial 
growth in the said decade.

•	 This has led to deepening of groundwater levels, an 
increase in salinity, and seawater intrusion.

The studies of the RWL values during 2010 and 2020 
point out that groundwater flows from subsurface high in 
the northern recharge zone to the lows in southern coastal 
regions where groundwater discharges. The studies sug-
gest that the reversal pattern of groundwater flow has 
increased and it is shifting back to the landward side in 
2020 in comparison with 2010. This landward side flow 
of groundwater in 2020 and increase in the negative val-
ues of RWL suggest that groundwater levels are depleting 
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and water column spaces are retrieved, replaced within the 
subsurface by seawater through the reversal of flow. This 
is leading to an increase in salinity and seawater intrusion 
which correlates and matches with RWL flow direction 
maps and TDS value maps. The use of such water makes 
the soil infertile, while the saline water infilters back into 
the aquifer leading to precipitation of excessive minerals 
into the coastal aquifers making them even more saline. 
The study area as a part of the arid to the semiarid region 
is depending more on groundwater for life sustenance 
which needs microlevel planning of coastal aquifer system 
recharge and conservation to solve problems of salinity 
ingress and seawater intrusion.
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