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Due to climate change impacts, seawater intrusion is a major issue in various river
deltas around the globe, including the Indus delta, Pakistan. The seawater
intrusion has severely affected the freshwater resources as well as the livelihood
of the people living in the Indus delta. Thus, this study was aimed to evaluate the
subsurface seawater intrusion into the Indus delta based on the groundwater
quality data. Around 180 groundwater samples, randomly collected from the study
area, were analyzed for chloride, carbonate, and bicarbonate concentrations.
Based on these concentrations, the indication of subsurface seawater intrusion was
determined using Simpson’s ratio and ionic analysis, such as the ratio of chloride
to bicarbonate. Also, an interpolated map using the analysis results of these ratios
was developed using ArcGIS 10.5. Overall, the present study revealed that about
88% of the Indus delta is affected by the subsurface seawater intrusion. Also, the
impact of subsurface seawater intrusion was observed in the wells near the Thatta
and Sujawal towns of the study area. However, about 12% of the delta is still
unaffected by the subsurface seawater intrusion. Various factors such as reduction
in freshwater flow into the delta, climate change, sea-level rise are potential causes
of subsurface seawater intrusion in the study area. This study may be taken as a
baseline by the policymakers to start mitigation measures against the degradation
of the delta to save the environment from further deterioration. Also, further an
isotopic analysis of subsurface seawater intrusion in the study area is
recommended.

1. Introduction

freshwater, the entry of saline water has created so many
problems. It constitutes the main environmental issues

Groundwater plays an important role in living standards
[1-2]. Due to the tremendous increase in population, the
need for freshwater resources is also increasing for its
domestic, irrigation, industrial as well as recreational
purposes. In coastal areas, due to the shortage of
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around the globe [3]. Seawater intrusion is the entry of
salt water into the fresh groundwater [4]. Various factors
such as excess withdrawal of groundwater from aquifers
in coastal areas and density difference between the less
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dense aquifer water and highly saline water of the sea
may contribute this problem [5-6]. However, the extent
of seawater intrusion varies from area to area. It also
depends on the hydro-geological setting of the area [6].
Werner et al. [4] reported that seawater intrusion into the
aquifers of the coastal areas is a global issue, which
starts by increasing demand for freshwater and rising sea
level. In response to climate change, sea levels are
projected to rise, causing the seawater intrusion into the
coastal areas. In coastal regions where the topography is
flat, this would limit the circulation and causes an
increase in shallow water covered areas [7].

The literature reveals that seawater intrusion into the
aquifers of the Indus delta, Pakistan is increasing at an
alarming rate. Once fresh water was available at shallow
depth. But at present, due to a shortage of fresh water in
the Indus River below the Kotri Barrage, the last barrage
before its delta, aquifers of the delta are being recharged
with highly saline water of the Arabian Sea [8-11]. Asa
result, the area is facing an acute shortage of fresh water.
Sylus and Ramesh [12] stated that freshwater aquifers in
coastal areas are affected due to the entry of saline water.
It makes the aquifers unsuitable for various purposes.
Thus, the present study was designed to study the
indication of subsurface seawater intrusion in the area
based on the chemical analysis of groundwater samples.
The study will be helpful to start mitigative measures
against further contamination of the aquifers in the study
area.

2. The Study Area

The river Indus forms its deltaic area when it empties
into the Arabian Sea. It is in three administrative
districts, such as Sujawal, Thatta, and Badin, Sindh,
Pakistan [13-19]. A GIS map showing the study area is
given in Fig. 1. However, its most of the area stretches
in Sujawal and Thatta districts. It lies between the
latitudes of 23°48°29” and 24°57°19” and longitudes of
67°40°01” and 68°14°04”. The average annual rainfall in
the area is about 220 mm, whereas temperature varies
between 23 to 29 °C [13]. About 1.76 million people are
living in these districts. The main occupation of the
people is agriculture, fishing, etc. River Indus is the
main source of groundwater recharge, which remains
most of the time dry due to the diversion of excess water
at its upper sites. As a result of that, seawater intrusion
into the aquifers of the area is increasing day by day, and
spoiled freshwater aquifers in most of the areas of the
delta. Altogether, socioeconomic conditions of the
community are badly affected. People are migrating
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from their ancestral places in the research of food and
shelter.

o T2 253
Mirpur Sakro ‘f
. ® ¥

<Y R
A o F"‘ﬂ’:s' N3 v e

O S R
0 125 25 50 Kilometers

Fig. 1. GIS map of the Indus delta (study area) [14]
3. Materials and Methods

Around 180 georeferenced groundwater samples were
randomly collected from the hand pumps, boreholes,
electric motors already installed in different villages,
public places located in different areas within the delta.
Water samples were gathered in one-liter plastic bottles,
washed, and rinsed properly with distilled water to
remove any possible contamination [13]. Whereas
sampling locations were recorded using a handheld
Garmin 62s GPS. Water samples were analyzed for
chloride (CI"), carbonate (COs*), and bicarbonate
(HCO3) concentrations using standard titration method.
Based on these concentrations, the subsurface seawater
intrusion in the Indus delta was determined using
Simpson’s ratio (C1/COs*+ HCOg3) and ionic analysis,
such as the ratio of chloride to bicarbonate (Cl'/ HCOy).
Also, an interpolated map using the analysis results of
these ratios was developed using ArcGIS 10.5 spatial
analysis, IDW (inverse distance weighted) tool.

4. Results and Discussion

The presence of chloride in excessive amounts in water
is an indication of seawater, whereas bicarbonate is the
most abundant ion in the aquifers [20]. Furthermore,
Bablani and Soomro [20] stated that a ratio among these
two ions, i.e., chloride and bicarbonate, is a useful index,
used to analyze the presence of seawater indication into
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aquifers. If this ratio exceeds by 2/3 (0.67), then it
indicates the entry of seawater into the groundwater of
the area. Whereas, according to Jamshidzadeh and
Mirbagheri [21] as reported by Ebrahimi et al. [22], if
the Simpson’s ratio, i.e., the ratio of chloride to
carbonate plus bicarbonate exceeds by 2.8, then there is
an indication of seawater intrusion in groundwater of the
area. Based on these concentrations, the indication of
subsurface seawater intrusion into the Indus delta,
Sindh, Pakistan was determined using Simpson’s ratio
and ionic analysis, such as the ratio of chloride to
bicarbonate. Also, an interpolated map using the
analysis results of these ratios was developed using
ArcGIS 10.5. The results of these ratios in groundwater
samples of the study area are summarized in Table 1
(Annexure).

Table 1 reveals that estimations of the considered
ratios for most of the analyzed groundwater samples are
exceeding the respective thresholds. A contour map
illustrating spatial distribution of ionic ratios in the
groundwater of the study area is shown in Fig. 2. It
depicts that ionic ratios in the areas of the Indus delta
nearer to the Arabian Sea are increasing. Whereas these
ratios are decreasing towards land.

Legend
lonic Ratio

-Hmll.27

Fig. 2. A contour map showing spatial distribution of ionic
ratios

Hence, it may be concluded that most of the area of
the Indus delta is affected by the subsurface seawater
intrusion. The subsurface seawater has intruded in vast
areas of the delta such that its presence was observed in
the wells near to Thatta and Sujawal towns of the Indus
delta. Based on high chloride concentration (>250
mg/L), Simpson ratio (>2.8), chloride, and bicarbonate
ratio (>0.67) in the groundwater samples, the seawater
intrusion interpolation map depicted that about 11,540.4
sg. km (1.15 Mha) of land or 88.3% of the delta is
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affected by the seawater intrusion, while 1526.6 sg. km
(0.15 Mha) or 11.7% of the delta is unaffected due to the
intrusion of seawater.

Based on these ratios, the present study revealed that,
on an overall, about 12% of the delta is still unaffected
by the subsurface seawater intrusion. Also, the impact of
subsurface seawater intrusion was observed in the wells
near the Thatta and Sujawal towns of the study area.
Various factors such as tidal fluctuations, climate
change, sea-level rise, variation in evaporation rates,
fractures in rock formations, groundwater recharge rates
are influencing saltwater intrusion into aquifers of
coastal areas [6].

5. Conclusion

Based on high chloride concentration (>250 mg/L),
Simpson ratio (>2.80), chloride and bicarbonate ratio
(>0.67) in groundwater of the study area, it is estimated
that subsurface seawater intrusion has affected about
1.15 Mha (88.3% of the Delta). Overall, the present
study revealed that about 88% of the Indus delta is
affected by the subsurface seawater intrusion. However,
about 12% of the delta is still unaffected by the
subsurface seawater intrusion. Also, the impact of
subsurface seawater intrusion was observed in the wells
near the Thatta and Sujawal towns of the study area. A
contour map of ionic ratios also depicts that such ratios
in the areas of the Indus delta near to the Arabian Sea
are increasing and decreasing towards land. Various
factors such as reduction in freshwater flow into the
study area, tidal fluctuations, climate change, sea-level
rise, variation in evaporation rates, groundwater
recharge rates are main causes of subsurface seawater
intrusion into aquifers of the Indus delta. This study may
be taken as a baseline by the policymakers to start
mitigation measures against the degradation of the delta
to save the environment from further deterioration. Also,
further an isotopic analysis of subsurface seawater
intrusion in the study area is recommended.
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Annexure

Results of lons Ratio analyses in the Groundwater Samples of
the Indus Delta

Coordinates CI/(COs*
S. - - +HCOg) (cr
No. Latitud Longitu X /HCOy)
Value
e de value
1 24'2046 67.93565 5.12 5.51
2 24'?;464 67.95039 5.97 6.63
3 24'33576 67.95816 6.19 7.20
4 24'3;5“ 67.87633 5.25 6.52
5 24'3;3893 67.97619 7.00 7.85
6 24'33964 67.99397 3.57 436
7 24'2962 68.03799 3.17 3.95
8 24'2532 68.05845 3.14 3.85
9 24'%153 68.05257 2.99 3.67
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24.1938

10 5 68.09342 15.63 16.41
11 241963 68.09732 5.16 5.72
12 24'16819 68.06881 5.65 6.10
13 24%149 68.10415 3.63 3.95
14 24'2766 68.08894 7.01 7.34
15 24':2_)089 68.07053 4.15 4.39
16 24'?;3216 68.06401 3.33 3.49
17 24':;504 68.03904 4.42 4.67
18 24'2197 68.29413 0.63 0.66
19 24'2869 68.29371 0.60 0.62
20 24'71446 68.27159 0.65 0.65
21 247382 68.27082 0.66 0.67
22 24'72451 68.24457 0.62 0.66
23 24'2593 68.2231 0.53 0.55
24 24'2775 68.20148 0.58 0.61
25 24';914 68.18692 0.59 0.61
26 24'%224 68.21873 0.48 0.49
27 24'82262 68.22093 0.65 0.67
28 24'82155 68.18834 0.65 0.67
29 24'51503 68.1897 0.55 0.56
30 24'%021 68.20659 0.74 0.74
31 24'%050 68.24686 0.62 0.64
32 24%816 68.39128 3.07 3.15
33 24'2224 68.25742 4.22 5.15
34 24";567 68.22771 1.13 1.38
35 24";966 68.18729 1.31 1.43
36 24.56110 68.17261 1.20 1.47
37 24'2824 68.12988 2.53 3.09
38 24'58883 68.16457 2.65 3.24
39 24'2141 68.25465 3.51 3.59
40 24'3274 68.35305 5.76 6.10
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24.2835
7
24.4124
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1
24.2040
9
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6
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5
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68.28498
68.38568
68.36367

3.42

2.55

3.70

3.74

4.76

4.25

4.60

5.10

7.08

4.92

3.43
11.50
0.75

0.62

0.60

0.62

0.53

0.65

0.64

251

3.42

0.87

2.39

0.65

0.79
3.05
3.65

3.51

5.13
3.44
3.40

3.62

3.12

4.02

4.10

5.16

4.35

4.94

5.50

7.47

5.21

3.53
11.76
0.77

0.63

0.62

0.63

0.55

0.66

0.66

2.71

3.50

0.89

244

0.67

0.85
3.30
3.84

3.58

541
3.65
3.54
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100
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24.416
24.3479
3
24.7009
24.7571
3
24.8192
2
24.8393
7
24.8371
8
24.9580
1
23.9619
8
23.8099
6
24.0486
9
23.7067
6
23.6976
8
24.0702
1
23.9719
13
24.0654
3
23.9797
07
24.0360
0
24.1337
8
24.0265
5
24.3129
7
24.1167
2
24.1867
1
24.7161
4
24.1847
2
24.1760
8
24.1785
6
24.1623
5
24.1925
6
24.2400
9
24.4387
1

68.30287

68.14664

68.03469
68.107

68.15056

68.13749

68.14835

68.23460
3
67.44473
8
67.68943
8
67.65283
4
68.15653
4
68.09411
5
67.90690
7
68.25843
3
68.25761
1
68.73972
6
68.49595
2
68.58502
6
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7
68.24840
6
68.38078
5
68.57979
7

67.93828

67.54237

67.55753

67.58021

67.57672

67.62808

67.60732

67.59344

3.73
2.28
0.78
0.65

0.63

0.67

0.61

0.62

6.46

5.52

4.74

517

5.87

5.67

4.34

3.74

2.75

3.46

2.99

3.20

3.11

3.55

2.92

0.53

3.63

5.52

7.46

4.95

4.28

6.33

3.98

3.95
2.63
0.80
0.68

0.66

0.69

0.64

0.65

6.81
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4.99

5.45
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6.08

4.55

411

3.35

4.22

3.65

3.83

3.80

4.33

3.56

0.64

4.42

6.75

9.12

6.05

5.23

7.74

4.87
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24.4780
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5
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6
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7
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5
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5
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5
24,7018
5
24.6972
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67.5903
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67.49209
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67.55866

67.61586
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67.64774
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8
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1.01

3.89

4.60
3.15
3.97

7.42

6.28
2.98
3.61

7.26

3.05
5.82
7.97

0.54

2.56

2.23

2.37

0.51

1.50

211

1.01

1.42

3.32

3.51
4.03
2.80

4.79

3.55

6.44

15.17

3.59

1.23

4.75

5.64
3.44
4.27

9.07

7.67
3.66
441

8.87

3.73
7.10
9.75

0.66

3.27

2.70

2.87

0.62

1.83

2.58

1.24

1.74
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134

135
136
137

138

139

140

141

142

143

144

145

146

147

148
149
150

151

152

153

154

155
156
157

158
159

160

161

162
163
164

165

24.6454
8
24.6338
4
24.7694
24.8110
8
24.1444
7
24.7130
4
24.7466
6
24.7647
4
24.7820
4
24.7942
1
24.7437
3
24.2738
3
24.3108
2
24.3656
3
24.3721
8
24.4015
24.6751
4
24.7212
1
23.9986
5
24.8966
9
24.8783
3
24.9395
3
24.2519
24.2596
5
24.5307

24.252
24.8966
9
24.7212
1
24.7130
2
24.5651
24.7891
7
24.5792
7

67.73662

67.7522
67.93874
67.96599

67.45207

67.96167

67.96504

67.96365

67.97162

67.95869

67.8801

67.67395

67.62506

67.74229

67.77356
67.82956

67.93582

67.16754
3
67.40934
8
68.16079
4
68.25308
6

68.22994
68.31811
68.35145

68.14471
68.3181

68.16079

67.16754
4

67.96168
67.6228
67.86976

67.89206

2.48

13.91
0.62
0.57

4.17

0.66

0.65

0.55

0.66

0.55

0.56

6.41

2.02

251

3.70
3.41
3.26

4.42

5.58

0.58

2.38

0.60
2.61
3.19

0.71
0.75

0.59

3.26

0.56
5.20
2.00

1.08

2.96

15.32
0.76
0.64

5.08

0.80

0.80

0.67

0.81

0.67

0.69

6.58

2.46

3.07

4.52
4.17
4.01

541

6.81

0.71

291

0.73
3.19
3.90

0.88
0.91

0.72

3.99

0.69
5.42
2.45

1.32
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166
167
168

169
170
171

172

173

174
175
176

177
178

179

180

24.1785
5
24.3987
24.6153
5
24.7466
5
24,577
24.7437
4
24.3511
4
24.7862
6
24.1444
6
24.5743
24.4498
8
24.2401

24.62
24.1785
5
24,4985
4

67.5802
68.07844
48.05258

67.96503
67.79743
67.88

67.87632

67.86378
7

67.45205
67.78698
67.71622

67.60731
67.82022

67.5802

67.61587

6.85
3.47
7.66

0.82
2.43
0.64

0.32

1.40

2.14
3.88
2.60

6.21
2.93

5.93

2.66

8.37
4.23
9.37

1.00
2.51
0.78

0.37

1.71

2.62
4.73
3.17

7.59
3.58

7.23

3.25
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