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ABSTRACT

The Indus Delta is an endangered wetland on the Ramsar list due to a continued decrease of river
flow toward the delta, resulting in seawater intrusion into the inland areas and deteriorating the
potable patches of shallow groundwater and wetland areas. The groundwater in the lower Indus
Basin is brackish, except for a few potable pockets, which are shrinking due to water extraction
for drinking purposes. The gap thus occupied by saline water permanently degrades the potable
groundwater. This paper correlates the potable patches with surface seepage due to either rainfall
or river flows, to recommend a continuous flow of fresh water in the river system, and a revival of
the ruined wetlands and lagoons. Twelve nested piezometers at various depths have been installed
in the study area to monitor the groundwater quality temporally transformation. The water samples
have been periodically collected to analyze physical and chemical properties for three years. The
data trend indicates the rapid changes in shallow groundwater quality (up to the depth of 10 m) to
the surface availability of freshwater. An area of 378 km? was turned from saline to fresh groundwa-
ter with only two spells of rainfall. The result confirms the positive impact on groundwater quality
improvement due to rainfall and water in river tributaries. Based on this analysis, it is recommended
to replenish the lagoons and shallow lakes with fresh water. Canals should run continuously to
constantly recharge the shallow groundwater as the only source of drinking water in the study area.
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1. Introduction

German-watch, an independent climate change observer,
rates Pakistan as the 7" most affected country by climate
change from 1997 to 2016 and indicates Sindh province as the
worst affected by extreme weather events, especially hydro-
logical hazards [1]. Pakistan, being an agricultural country,
is heavily dependent on the flow of the Indus River, which
is one of the largest rivers in Asia and the 12" largest in the
world. The Indus River originates in the Tibetan Plateau
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(China), crosses Kashmir (Indian part) and enters into
Pakistan, crossing the full length of Pakistan and flows into
the Arabian Sea. At its terminus, it forms the Indus Delta [2].

The Indus Delta is the 5" largest delta in the world, cov-
ering an area of 41,440 km? [3,4] with the 7" largest unique
species of mangrove forests (Avicennia marina) of the arid
climate. That forest provides a nesting place for hundreds
of species of migratory birds [5]. The post-1960s develop-
ment in the water sector in Pakistan, the construction of
new dams and water structures to increase the agricultural
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land production to feed the growing population [6], which
reduced the river flows to the delta, resulting in the creep-
ing death of the delta ecosystem and habitat. The associ-
ated impacts of climate change resulting in erratic rainfall
and increasing periods of drought reduced the freshwater
availability in the study area.

The decreasing river flows resulted in seawater intru-
sion, which degraded the land and the limited potable water
patches in the region. The land and water deterioration sig-
nificantly impacted the human population, migratory birds,
and the mangrove forest, which provides the ecosystem for
hundreds of species of shrimp and fish [7,8]. This desolation
of the Indus Delta provoked the international environmen-
tal community. As a result, the Indus Delta and its associ-
ated ecosystem and wetlands were included in the list of
Ramsar protected sites [9]. The international stress resulted
in legislation for the allocation of 10 MAF river flows to
improve the environmental sustainability of the Indus Delta
[10]. This flow was barely achieved and only in the flood-
ing season for merely a few days/weeks; the remainder
of the time the river has no flow of water that reaches the
delta [11]. The flood recurrence has a time interval of 8 to
10 years in the region.

Before the increase in dams, the Indus Delta had fertile
land, producing red rice in abundance, and Keti Bander
(KB) (a small coastal town in the Indus Delta region) was
a busy seaport and trading area [12]. The literature review
reveals that similar issues have affected other delta areas,
as well. However, the devastation rate of Indus Delta is
more rapid, compared to other deltas in the world [13].
Research confirmed a drastic decline in agricultural land
from 116,928 acres to 48,787 acres in 20 years from 1998 to
2018 [14]. The revival of wetlands and lagoons in the region
and recharge of groundwater with potable water is a local-
ized solution to stabilize the deteriorating situation of Indus
Delta. Groundwater recharge is a sustainable alternative and
a natural solution to retain potable groundwater indicated
by various researchers [15-20]. The results of a few of the
related studies are discussed below.

Dimri et al. [21] conducted their research on climate
change impacts on the reduction in water budget for the
Indus River basin (IRB) and confirms the vulnerability of the
IRB while confirming the control of the upper IRB to the lower
IRB for the availability of water. The impact of the reduction
of freshwater and sediment discharge in the Indus deltaic
region was that the wellbeing of the Indus Delta demands a
minimum continuous quantity of freshwater and sediments
be discharged to the delta on a year-round basis [2]. Similar
research was conducted on Indus Delta degradation and
concluded the need to release an established minimum of
fresh water to sustain the delta, along with other measures
to construct environmental-friendly protection works [12].

Dorau et al. [18] conducted a time series analysis on wet-
land restoration through re-wetting practices to sustain the
mesotrophic fen in northern Germany against the impact
of climate change. That research showed some contradic-
tion with wetland management and re-wetting methods;
however, the study confirmed the adaptation of re-wetting
methods in certain ways with prior validation. Another
related study on shallow aquifer recharge from irrigation in
a semiarid region in New Mexico, USA confirmed that the

water table responded seasonally due to canal seepage and
percolation from the irrigated areas, while flooding practices
using irrigation impact more in alluvium soils [22].

The variability in groundwater quality and pollutant
concentration levels in the northwest of Iran has been deter-
mined, employing geographic information system (GIS)
kriging tools and chemical analysis of water samples. The
results indicated the trend of decreasing groundwater level
with increasing concentration of salinity in some portions,
measured over a decade. The research successfully identified
the affected areas and suggested measures to implement that
would improve the management of groundwater [23].

Pham and Lee [24] assessed seawater intrusion and
groundwater extraction in the coastal belt of the Red River
Delta, Vietnam. They engaged the SEAWAT model to pre-
dict the seawater intrusion potential with respect to sea-level
rise, extraction of groundwater, and seasonal recharge of
groundwater. The results revealed that due to the uncertain-
ties of transport parameters, the seawater intrusion potential
was significantly affected.

Investigating the spatiotemporal variation of the ground-
water table, employing GIS techniques and incorporating
the available groundwater data with WASA library, Abbas
et al. [25] adopting a kriging tool in ArcMap, prepared lay-
ered maps of water table fluctuation in various periods. The
results of their research revealed that the potential recharge
zones have a stable water table. They recommended intro-
ducing an artificial means of recharging groundwater.
Wolthek et al. [26] introduced the practice of deep-well injec-
tion in the Netherlands to desalinate the brackish ground-
water by installing reverse osmosis equipment. They injected
the high-concentrate saline water into the deep aquifers and
maintained the buffer zone of the fresh-brackish interface.

While studying the challenges and prospects of sus-
tainable management of the Indus Basin groundwater in
Pakistan, Qureshi et al. [27] emphasized the multi-sectoral
approaches including wastewater reuse, policy reforms, and
on the artificial recharge of the aquifers. They confirmed
that the groundwater recharge source through seepage from
earthen canals and emphasized the necessity to regulate
the controlled withdrawal of groundwater. The improve-
ment in groundwater quality due to the entry of freshwa-
ter was monitored in Potharlanka Island in the Krishna
Delta of India. The research confirmed a 10% increase in
fresh groundwater after activation of recharging wells and
heavy rainfall flooding in the area [28]. Mitsch and Day [29],
research on the restoration of wetlands in the Mississippi-
Ohio-Missouri River Basin, concluded that there was a need
to adopt multi-sectoral approaches and emphasized the
need to conduct further contextual research on reducing the
uncertainties.

Based on the above findings, a localized solution to the
gradual land degradation and groundwater quality deterio-
ration in the study area has been proposed. The river water
allocation for environmental sustainability of the study area
has long been an unresolved issue; this has triggered conflict
in the region. None of the past research proposed an alter-
nate solution to retain the shallow groundwater utilizing
rain harvesting in this region, nor any research has been con-
ducted so far on different groundwater layers. The current
study will provide a rational basis for the recommendation
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of groundwater recharge practices along with the revival of
surface water bodies, including wetlands, lagoons, and water
conveyance structures that can divert heavy rainfalls.

2. Study area

The study area developed as an alluvial valley formed
by the large sediment load from the Indus River flowing
along approximately the same path for millions of years
[30]. The study area can be described by and be divided
into two geological features, the flat plains, with an average
gradient of 1 m/1 km, and the rocky area, with a maximum
elevation of 300 m. The study area constitutes the jurisdic-
tion of Thatta District on the right-hand side, and Sujawal
District on the left-hand side of the Indus River, downstream
from the Kotri Barrage towards the Arabian Sea, including
the Indus Delta. Geographically, the area is located at lati-
tude 24.00-25.15 and longitude 67.00-68.15 (Fig. 1). The arid
coastal area has an average annual rainfall of 200-250 mm
[31]. This area is a unique distinction of mangrove arid spe-
cies and is a nesting place for millions of migratory Siberian
birds. The area has been listed as a Ramsar protected site,
due to the drastic reduction in river flows and the resulting
in rapid degradation of the delta and coastal habitat.

3. Method of analysis

The study area was surveyed physically to demar-
cate the locations for installation of experimental setup of
nested piezometers in appropriate places and the locations
with a potential difference in groundwater quality. The pie-
zometers locations was selected on both sides of the Indus
River in the study area and along the coast of both districts.

After the installation of nested piezometers, the periodic
water samples have been collected through standardized
methods [32-36] from depths of 10, 14, 18, 22, and 26 m.
The depth of the piezometers were selected based on bore-
log data. A specially designed and fabricated manual water
pump was employed to collect the water samples from
the specific depths, simultaneously (Fig. 2). Physical and
chemical analysis was conducted on the water samples col-
lected after hydrological events, such as rainfall or drought
spells for two years. The analysis of electrical conductivity
(EC), potential hydrogen (pH), turbidity, total dissolved
solids (TDS), carbonate, bicarbonate, calcium, magnesium,
and nitrate tests have been conducted using standard lab
equipment and methods [37]; however, in this paper, only
EC values have been plotted. The results were developed
using the ArcGIS 10.5 interpolation method employing a
Kriging tool due to its suitability for an irregular distance
of data locations, high accuracy and low bias [38].

The periodic water samples were collected in autoclaved
air-tightjars to avoid contamination. The EC of water samples
were also checked on the spot using HANNAN H1991300
(portable EC, pH and TDS meter). The water samples were
brought to U.S.-Pakistan Centers for Advanced Studies in
Water soil and water testing lab for analysis of above-men-
tioned parameters. The temporal and depth-wise results of
water quality were matched with rainfall data to observe the
correlation between them.

4. Results and discussion

The water samples were collected from 5 depth layers of
12 nested piezometers in March 2017, July 2017, November
2017, March 2018, July 2018 and the last samples were
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Fig. 1. Study area imagery in false color showing piezometer locations.
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Fig. 2. Nested piezometer setup and extraction of groundwater from the nested piezometer.

collected in January 2019. The rainfall during this period
was recorded consequently low as compared to the average
annual rainfall for this region. Table 1 represents the EC val-
ues at groundwater depths/layers of 10, 14, 18, 22, and 26 m
from the ground surface with respect to rainfall impact. It
is observed that the only groundwater quality improvement
was seen in the first 10 m layer. The other samples, at deeper
depths, showed no variation with time and limited rainfall.
The figure also demonstrates the trend of high salinity in
the coastal belt; the remainder of the area has lower salinity.

The positive impact of flood spreading through infiltra-
tion ponds was recorded by Ghazavi et al. [39] in arid and
semi-arid regions. The authors concluded that remarkable
improvement in groundwater quality and water table level
was recorded. The similar results were drawn by Mondal [28]
and conclude that 57% of the study area was under seawater
intrusion while after flooding, the seawater intrusion area
was reduced to 38%. The results of the current study are in
synergy with the work of other researchers [9,16].

The temporal and spatial variation in groundwater EC
level demonstrates a clear picture of the impact of rainfall
on subsurface variation in groundwater quality at the top-
most 10 m depth layer (Fig. 3). The other results at 14, 18,
22 and 26 m depth showed no significant impact as a result
of rainfall (Table 1). Since the area receives very low rainfall
and for only a short period, the impact of seepage on ground-
water quality is relatively low at deeper depths. However,
the groundwater below 10 m depth up to 14 m shows mar-
ginal fresh (EC = 0.7-2 dS/m) in the piezometers installed in
Sakro, Belo and Sujawal, all three locations are adjacent to
river Indus and at the junction of the canal system. The depth
profile at Sujawal found with marginal freshwater even at
the depth of 18 m which shows the seepage impact of the
canal system. The higher salinity in deep soil layers (26 m) is
visible in the coastal areas of Garho, KB, Chohar Jamali (CJ),

Chhachh Jahan Khan (CJK), Shahbandar (SB) and Ghorabari
(GB), which gradually reduces in upper soil layers and shows
the progression of seawater intrusion (Fig. 5).

The data was interpreted through the interpolation
method in ArcGIS. The EC data were categorized into four
groundwater quality zones based on their relative EC level
referring to the World Health Organization (WHO) guide-
lines. Zone 1, had an EC range below 0.7 dS/m, which is good
quality water that is acceptable for drinking. Zone 2 had an
EC range between 0.7 to 2 dS/m. The Zone 3 EC ranged from
2 to 10 dS/m. Finally, zone 4 had EC ranges from 10-25 dS/m,
which is highly saline water (WHO, 2012). On average, the
entire study area falls into the category of groundwater qual-
ity with moderate saline having EC values between 2 and
10 dS/m. The salinity level is unacceptable for drinking or
irrigation purposes.

The water quality shown in the interpolated results
(Fig. 4) for the periods of July-2017, Nov-2017 and Jan-2019,
revealed two patches of freshwater that have EC values
less than 0.7 dS/m. The rainfall chronological record con-
firms the rainfall data during those periods [40] (courtesy
of Worldweatheronline.com). The trend in the rest of the
interpolated results of March-2017, March-2018, and Aug-
2018 shows the disappearance of those freshwater patches
due to no rainfall. A similar trend is visible in the perim-
eter size of zone 2 which had an EC value between 0.7 to
2 dS/m. This value is acceptable for irrigation purposes.
The perimeter size of zone 2 in July-2017, Nov-2017, Aug-
2018, and Jan-2019 is visibly larger. It was reduced in size
in the image of March-2017 and alarmingly reduced in the
image of March 2018, due to the long span of drought from
Aug 2017 through March 2018. This condition visible in the
lower portion of the image that shows the rainfall history.
The appearance of zone 4 patches (highly saline) in the
lower portion of the study area (i.e. coastal marshy area) are
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Table 1
EC (dS/m) values of water samples extracted from different soil layers w.r.t. time and space
Thatta | Gharo | Sakro | Garho | kB | Belo [sujawal| o | cax | sa | sati | o8
Depth 10 meters
Mar-17 (1.3 128 |7 0.67 4.81 1.3 (041 116 8.7 2.03 1223 | 1001 8.8
Jul-17 0.8 111 | o5 3.7 9.9 0.3a| [Fo.s1 7.2 198 || 101 7.4 6.9
Nov-17 f0.95 |05 (F0.47 3.8 10 0.34] [Fo.s2 73 | (L7 || 103 7.8 7
mar-18 ([EL2a |[FLz1 | o5z a1 1047 [0z [Fos | 7.8 | 125 9.6 7.4
Aug-18 (.01 12 || o049 4.09 11.01 [F0.3s |10 | | 76 2.01 1234 D821 7.4
jan-19 811 | [F1a | [6ss || a3 113 02 |1 || 77 | B8 || 1153 | 102 8
Depth 14 meters
Mar-17 || 5.72 826 (183 || 1604 | 1456 [MPo.s [WEas7 | 9 10.5 30.3 11.95 15.2
Jl-17 [ 462 g2s [ || 15 14.7 0.7 [z 9 1 30.7 11.98 14.6
Nov-17 [ 5.3 8.25 18 || 161 14.5 081 |12 9 9.5 30.7 11.89 15
Mar-18 | 5.66 g3 (a5 16.1 15 001 [l 8.9 10.7 30.7 11.97 155
Aug-18 | 5.6 8.15 176 || 161 14 0.8 114 || 9201 10.2 30.5 1078 | 15.2
Jan-19 || 5.5 312 (184 161 | 1488 [l 0.85 1.2 9.3 9,39 30.5 12 15.4
Depth 18 meters
Mar-17 || 6.66 8.3 3.29 29.2 32.4 3a (%8 || 1073 | 1117 45 12.86 20
Jul-17 ||| 527 8.7 h.3 30 32.2 3 | s 1o 1119 | 451 13 19.8
Nov-17 | 6.4 8.78 3.3 29.1 32.6 33z |57 | 103 11.2 449 12.45 20.2
Mar-18 || 6.5 8.7 3.3 29.3 32.5 343 IS 10.5 11.2 449 12.85 19.9
Aug-18 | 6.5 8.5 3.3 29.1 32,5 35 (125 || 1058 | 1109 | 451 | 1102 | 199
Jan-19 | 6.68 8.9 3.26 29.4 32,5 343 ([F12s || 1104 11 4502 | 13.04 | 201
Depth 22 meters
Mar-17 | 25.8 7.98 91.7 77.6 6 7.8 74.4 67 89.2 30.1 80
Jul-17 | 251 - 8 91 77.7 6 7.4 74.5 67 90.1 30.3 80
Nov-17 | 26 a2 8 91.8 TET 6.03 7.8 73 67 90.01 | 303 80.3
Mar-18 | 25.9 3 7.6 91.3 78 5.9 7.6 75 67.32 89 30.5 80.1
Aug-18 | 25.4 = 7.8 90.9 77.5 6.02 7.6 74.03 | 67.03 90 30.2 79.5
Jan-19 26 8 32 77.5 6.2 7.9 75.1 65.8 89.5 30.2 80.32
Depth 26 meters
Mar-17 | 38.3 16.1 92 87.8 222 30.4 84.1 90.3 91 30.5 90
Jul-17 | 386 - 16.1 32 87.5 22,11 30 81 30 91.06 | 31.2 83.7
Nov-17 | 38.4 3 16.5 92 87.6 22.2 30.5 84.8 90 91 31 88.7
Mar-18 37 3 16.1 32 87.7 22 30.5 84.1 90.2 91.2 30.6 83.7
Aug-18 | 39.1 * 16.23 92.9 87.7 22.3 30.4 84.2 92.02 | 91.02 | 305 89.05
Jan-19 | 385 16 91.9 87.2 22.1 30.3 84 90.1 90.8 30.5 83.3

due to the localized impact of sea tides and seawater intru-
sion. The zone 4 patches appearing on March-2018 image
are displaying the impact of seawater intrusion due to the
non-availability of freshwater over a longer period.

The variation in groundwater quality also presented in
terms of area in km? which indicates the variation in the
groundwater EC with respect to rainfall in the area (Table 2).
The rainfall in July 2017, have a significant impact on improv-
ing groundwater quality. The continuity of rainfall in August
2017, sustains the groundwater quality up to November 2017
even there was no rainfall after August 2017. The improve-
ment in groundwater quality of 378 km? was recorded with

below-average rainfall which sustains 5 months period.
These months are considered pre and post-monsoon sea-
son. While the same trend of groundwater improvement
was observed in the data from August 2018 to January 2019.
The gradual increase in high salinity spots (1025 dS/m) in
the area was observed from March 2018 due to low rainfall
in Sujawal area.

The spatial variation in the groundwater EC improve-
ment up to 0.7 dS/m in the upper 10 m layer shows the
increase in the areas for drinking water, while the improve-
ment in the zone of EC ranging 0.7 to 2 dS/m can provide the
suitable root zone for plantation or cropping.
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SPATIO-TEMPORAL VARIATION IN EC AT 10 (M)

14
—— Thatta
12
—@i— Gharo
Sakro 2
Garho B
E
=
—#— Ghorabari s
[&]
—g— Keti bandur - 3
—t Bl
2

—a— Sujawal n—
[ -

—
MAR-17 JUL-17 NOV-17 MAR-18B AUG-18 JAN-19
TEMPORALVARIATION

+

—=— Chohar jamali

Fig. 3. Spatio-temporal variation in EC values in upper 10 m layer.

Interpolation results of groundwater EC (dS/m) of 10 meter layer

March-2017 /\ July-2017 f\

-

Nov-2017

LEGENDS

EC (dS/m)

@ <o

@ -o07-2
O =2-10
O =10-25

€ Piezometers \
March-2018 ,}/\ \
Indus River
/ and canals

| Rainy days

Rainfall (mm)

Average rainfall amount (mm) and rainy days (Jan-2017 to Jan-2019)

Thatta Sujawal +40 mm

20 days +20 mm a0

20 days +20 mm

10 days +10 mm

10 days +10 mm

| III. I IIII 50 mm |_._ lII_ m AN Qmm

Jan"l7 May'17 Sep'17 Janl8 May'18 Sep'18 Jan'19jan17 May'17 Sep'17 Janl18 May'18 Sep'18 Jan"19

Fig. 4. Temporal distribution of rainfall and its impact on groundwater.



Z. Abro et al. | Desalination and Water Treatment 179 (2020) 83-91 89

Table 2
Area-wise groundwater quality variation with respect to time

Date Area in km? (total study area = 15,200 km?)
EC<0.7dS/m EC0.7-2 dS/m EC 2-10 dS/m EC 10-25 dS/m
Mar, 17 - 3,121.0 11,1334 945.6
July, 17 378.2 4,139.0 11,682.8 -
Nov, 17 312.7 3,840.5 11,020.0 259
Mar, 18 - 438.0 14,326.0 436.0
Aug, 18 67.3 3,290.3 11,060.4 782.0
Jan, 19 289.1 3,372.0 10,668.6 870.3

Temporal variation in AREA OF AQUIFER FOR VARIOUS ECRANGES
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Fig. 5. Temporal variation in the area of the aquifer for various EC ranges.

5. Conclusion

Based on the tempo-spatial analysis of groundwater
salinity (EC) results/values at various depths of the aquifer
and presentation of the rainfall data it is concluded that even
the least amount of rainfall in the study area has a positive
impact on shallow groundwater quality improvement. This
improvement was observed in the first 10 m. layer; however,
no improvement of groundwater was observed at depths
below this layer. Hence, it is suggested that periodic heavy
rainfall which has a recurrence of 5 to 8 years, be retained
through diverting it into lagoons and shallow wetlands,
which are scattered in large area in Indus Delta and turned
brackish due to scarcity in river flows The topography of the
area permits the interconnectivity of most of the lagoons with
river network through gravity flow [6].

The Indus Delta had slowly been degraded over the
past half-century due to the gradual reduction of floodwa-
ter from the Indus River downstream from the last barrage
(i.e. Kotri Barrage). The figures reveal freshwater patches,
which emerged in the active irrigation areas (i.e. zone 1 and
2). This is an indication of supplementary seepage from the
irrigation network and in the shallow aquifer near the Indus

River. The regular flow in the earthen canals/distributaries
of the irrigation network of these zones must be continuous
and the practice of cultivating of high-delta crops contribute
to recharging the groundwater aquifer. When these prac-
tices are re-implemented, the marginal saline aquifer will be
converted into freshwater. Improving the water availability
in the lagoon and shallow wetlands should also be continued
to recharge groundwater.

The major issue in the research area is the prioritiza-
tion and allocation of river water by Indus River System
Authority (IRSA) Pakistan and unfortunately, the environ-
mental aspect has been neglected so far and termed as the
issue of Sindh province [41]. This solution needs no addi-
tional water to sustain the ecology of the Indus Delta but
the management of rainwater harvesting and diverting
floodwater in the rainy season may gradually improve the
land degradation of Ramsar protected Indus Delta. The
improvement in groundwater quality in 378 km? means
the drinking water availability to approximately 38,000
persons (the population density of 100 persons/km?) for
five months. With little efforts of rainwater harvesting and
diverting flood-flows to natural lagoons and wetlands, the
deltaic degradation can be reversed. The refreshed shallow
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groundwater not only resolve the drinking water prob-
lem of the entire study area but increase the reforestation
of mangroves and revive the ecological cycle in the Indus
Delta.
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