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Abstract—Soil salinization is one of the most damaging 

environmental problems in coastal areas, including Indus River 

Delta (IRD). Due to the reduction of flow in the Indus basin, 

saline water from the Arabian Sea is intruding into the IRD and 

has degraded the agricultural lands drastically. Focusing on the 

gravity of the problem, the present study was designed to explore 

the spatial distribution of soil salinity in the IRD. 

Physicochemical analysis of 375 soil samples randomly collected 

from 125 different locations within the study area was used. 
Analysis revealed that for the top 0-20cm of soil, about 66.4% of 

the samples had electrical conductivity (EC) values, and 72.8% 

sodium content (ESP) values higher than the FAO guidelines. 

Similarly, for soil depth of 20-40cm, 60.8% of the EC values, and 

72% of ESP exceeded the safe limits. Finally, for 40-60cm of soil 

depth, 56.8% of the EC values and 79.2% of the ESP values were 
higher than the safe limits. Spatial analysis revealed that more 

than 50% of the IRD samples were affected by soil salinity. 

Reduced freshwater flow and the entry of saline water into the 
delta may likely be the causes of soil salinity in the IRD.  

Keywords-physicochemical properties; soil salinity; electrical 

conductivity; exchangeable sodium percentage; coastal areas; 

Pakistan 

I. INTRODUCTION 

Soil salinization is the process of accumulation of soluble 
salts on the soil surface and within soil root zone [1] which 
results in the formation of salt-affected soils [2]. In arid and 
semi-arid regions of the world, it is one of the most common 
land degradation processes [2] which impacts social, economic, 
and environmental growth [3-4]. Authors in [5] reported that in 
arid and semi-arid areas, soil salinization is a major geo-hazard. 
Globally, more than 950 million hectares of land are salt-
affected [6], out of which about 43 million hectares are 
attributed to secondary salinization [7]. Authors in [8] reported 
that about one-third of the irrigated land is severely affected by 
salinity or is exposed to conditions that encourage soil 

salinization. Due to evaporation, salts transport to soil surface 
from saline water table through capillary rise [9]. Also, 
irrigation with saline water can develop soil salinity [10]. It 
adversely affects soil fertility, crop growth and yield, as well as 
groundwater quality. It changes the normal functioning of the 
soil-water-plant system, which reduces nutrient uptake and 
ultimately causes a significant reduction in crop productivity 
[11]. Remotely sensed data are widely used worldwide for 
analysis of soil salinity [12]. These data have great potential to 
detect soil salinity spatially and temporally [13], which can be 
used for input into ArcGIS to evaluate and delineate soil 
salinity. Currently, various geospatial techniques are used for 
the estimation of the spatial distribution of soil salinity 
throughout the world [14-15]. Authors in [16] determined the 
spatial variations of salinity in the soils of Alberta. They found 
kriging and cokriging tools of spatial distribution as suitable for 
EC estimation and sodium absorption ratio (SAR) in the soil. 
Author in [17] determined soil salinity and found geostatistical 
methods better than the use of empirical formulae/equations. 
Authors in [18] used three spatial techniques, cokriging, 
spilain, and IDW (inverse distance weighted) for delineating 
the spatial variations of soil salinity in Australia. They reported 
cokriging and spilain as the best techniques for determining 
soil salinity. Author in [13] argued that for the restoration of 
environmental degradation, information about the nature and 
spatial distribution of soil salinity is essential.  

In coastal areas there is a constant passage of salts from 
seawater into the mudflats and marshy lands, which may 
influence salt movement to the inland soil [9]. The proximity of 
the salty groundwater to the surface of the soil and the intrusion 
of seawater are among the potential causes of soil salinity in 
these areas [19]. IRD is the world’s seventh largest delta, 
located in the southern part of Sindh province of Pakistan. Due 
to diminishing river Indus flows and uncertain rainfall patterns, 
the supply of freshwater to Delta is significantly reduced. Thus, 
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increasing salinity is a crucial issue of the IRD. Due to 
increasing soil salinity, most of the agricultural lands in the 
IRD are not suitable any more for agricultural production. 
Therefore, quantification and mapping of soil salinity dynamics 
is essential for better planning and soil reclamation processes 
and thus for the prevention of ecological degradation [2]. So 
far, spatial analysis of soil salinity in the IRD, Pakistan has not 
been conducted. The present study was thus conducted using 
ground truthing field data to assess the gravity of the problem. 
The spatial distribution of soil salinity in the IRD will provide 
an insight to policymakers, farmers, and agriculturists for 
ecological degradation prevention and restoration of the delta. 

II. MATERIALS AND METHODS 

A. The Study Area 

The Indus Delta is located between longitude 67°40'01" and 
68°14'04" and latitude 23°48'29" and 24°57'19" in southern 
Sindh Province, Pakistan (Figure 1). Most of the deltaic area 
lies within two administrative districts, Thatta, and Sujawal. 
The active area of the delta is about 0.6 million hectares [20], 
having 17 major creeks and numerous subordinate small 
creeks. It extends from Sir Creek in the East to the Phitti Creek 
in the West. The climate of the delta is arid, the delta receives 
an average of about 220mm of rainfall annually. Once, all the 
creeks of the delta were active, but now due to insufficient and 
erratic river flows, only two creeks, i.e. Khobar and Khar get 
the freshwater [21]. As a result, the dynamic delta area has 
declined to just 10% of its original area [22]. About 1.76 
million people live in the delta, most of them are uneducated 
and depend on agriculture and fishing. The main crops 
cultivated in the area include sugarcane, rice, wheat, cotton, 
and vegetables. The area has the 13

th
 largest arid-climate 

mangrove forest in the world [23]. The topmost soil layer is 
composed of sand (about 15m), followed by clay and bedrock 
[24]. Geomorphologically, a shallow aquifer system with 
variable thicknesses exists in the delta [25]. Once, the area was 
known for its richness; now it is considered one of the poorest 
zones in Pakistan. 

 

 
Fig. 1.  GIS map of the study area and soil sampling locations 

B. Soil Sampling 

Georeferenced soil samples down to a depth of 60cm (0-20, 
20-40, and 40-60cm) were collected randomly from various 

locations of the delta. A soil auger was used for the extraction 
of soil samples. Their locations were recorded using a portable 
handheld Garmin GPS [26]. Sampling locations are shown in 
Figure 1(c). A total of 375 soil samples was collected from 125 
different locations which were analyzed for various 
physicochemical parameters, namely texture, dry density, EC, 
pH, and ESP. 

C. Physicochemical Analysis of Soil Samples 

In the present study, a hydrometer method and USDA 
textural triangle were used for the determination of textural 
classes of soil samples. The oven drying method was used to 
determine the dry density of the samples. The EC of soil 
saturation extract was determined at 25

o
C using a portable 

Hanna Model-8733, German EC meter. The EDTA titration 
method was used for the determination of calcium (Ca+2), and 
magnesium (Mg+2) cations in the soil. The soil pH was 
determined using a pH meter, and the sodium (Na

+
) 

concentrations were extracted with ammonium acetate solution 
(1mol/L) and were quantified according to [27]. The results of 
these chemical parameters were used to determine the SAR and 
calculate the ESP using the respective empirical formulas [27].  

D. Spatial Analysis Soil Salinity Mapping 

Based on the results of the analysis, the interpolated maps 
of soil texture and most of the soil salinity indicators i.e. EC, 
pH, and ESP were prepared through ArcGIS 10.5 using the 
spatial analysis kriging and IDW approach. Based on soil 
salinity maps, the area of the IRD under salt-affected soils was 
determined. 

III. RESULTS AND DISCUSSION 

A. Physicochemical Analysis of Soil Samples 

The statistical summary of the results of physicochemical 
parameters of soil samples in the form of minimum, maximum, 
mean, mode, standard deviation (STD), standard error of the 
mean (SE) and confidence error (CI) is depicted in Table I. The 
dry density at 0-20cm of soil depth varied from 1.20 to 
1.40g/cm

3
 with an average value of 1.30±0.02g/cm

3
. Similarly, 

at 20-40cm depth, dry density varied from 1.19 to 1.44g/cm3 
with an average value of 1.27±0.01g/cm3, while that at a depth 
of 40-60cm it varied from 1.17 to 1.40g/cm3 with an average 
value of 1.26±0.01g/cm

3
. Analysis for soil texture revealed that 

loam and clay loam soils are the dominant textural classes in 
the top soil layer. About 37.8% of soil samples had loam, and 
22.2% of soil samples had clay loam, 14.1% soil samples had 
clay, 8.9% had silty clay, 7.4% had silty clay loam, 5.9% had 
silty loam, 2.2% had sandy clay loam, 0.74% had sandy loam, 
and 0.74% had a sandy texture. Thus, most of soils of the delta 
have fine textural class. The coarse-textured sediment is 
deposited in the upper regions while the river brings sediment 
dominated with fine particles at the tail end. FFC [28] reported 
that the suspended sediment in river Indus below Kotri contains 
on average 5.0% sand, 49.6% clay and 45.4% silt, hence the 
alluvial soils of the delta are dominated by fine-textured soils. 
However, the lower soil layers, i.e. from 20 to 60cm had almost 
similar soil texture distribution patterns. EC in 0-20cm soil 
depth varied between 0.45 and 55.2dS/m with an average of 
14.28±2.45dS/m. The EC values at 20-40cm were between 
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0.56 to 48.0dS/m with an average of 11.52±2.08dS/m. The soil 
is considered as saline, if its EC value exceeds 4dS/m [29]. In 
this regard, in about 60.8% of the analyzed soil samples the EC 
values exceeded 4dS/m indicating they were in the category of 
saline to highly saline soils. However, the EC in the soil 
samples collected at 40-60cm depth varied from 0.66 to 
41.8dS/m with a mean of 9.57±1.75dS/m. About 56.8% of the 
soil samples at this depth had EC values greater than the FAO 
[30] guidelines. The soils having EC values of 0.7dS/m or less 
are not stressful to most of the plants [31]. However, soil with 
an EC>0.7dS/m causes problems for plants and many crop 
types. Generally, the soils having EC>4dS/m are considered as 
salt-affected soils witch were about the 61.0% of the collected 
soil samples. The spatial distribution of EC at various soil 
depths is portrayed in Figure 2. It is evident that the areas of the 
IRD which are nearer to the coast are more affected by soil 
salinity compared to those which are far from the coast, likely 
due to the impact of seawater intrusion in these areas. 

TABLE I.  SAMPLES PHYSICOCHEMICAL PARAMETERS  

 

 
Fig. 2.  EC spatial distribution in various soil depths 

Hydrogen ion concentration (pH) in the top 0-20cm soil 
layer varied from 6.8 to 11.42 with a mean value of 7.93±0.10, 
whereas, the pH of the 20-40cm soil layer varied from 7.1 to 
9.2 with a value of 9.99±0.07. Finally, the pH of the 40-60cm 
soil layer ranged from 7.2 to 9.21 with an average of 

8.01±0.07. Generally, the soils having a pH>8.5 are considered 
salt-affected (the soils with a pH>7.0, to the most extreme of 
14.0, reflect increasing alkalinity). In the study area, most of 
the sampled soils (about 83.0%) had pH values within the 
range of 8.5. The ESP values in the top 0-20cm of soil depth in 
the study area ranged from 1.37 to 65.58 with an average of 
25.21±2.6. About 79.2% had ESP>15 and are classified as salt-
affected soils. At 20-40cm, the ESP values ranged from 5.23 to 
66.55 with a mean of 26.64±2.61. About 72.8% of soil samples 
had ESP>15. The ESP values at the 40-60cm soil depth ranged 
from 3.66 to 65.78 with an average of 27.06±2.57 and about 
74.6% of the samples had ESP>15. Figure 3 shows the spatial 
distribution of ESP in the soil samples. The maps portrayed 
that the samples collected from the areas nearer to the coast 
possessed higher ESP values. 

 

 
Fig. 3.  ESP spatial distribution thematic maps for at various soil depths 

Overall, the study revealed that the EC of 57-66% of the 
soil samples collected from 0-60cm were beyond the 
permissible level of 4dS/m. Similarly, the pH of 14-18% of the 
soil samples was higher than 8.5, and about 73-79% of the 
analyzed soil samples possessed ESP values higher than 15, 
which has been suggested by the FAO [30] as the limit for 
agricultural purposes. 

B. Soil Salinity Spatial Distribution Analysis in the IRD 

Based on ground field data, spatial distribution thematic 
maps for various soil classes, i.e., normal, saline, sodic, and 
saline-sodic soils for all the three soil depths were prepared 
(Figure 4). It is obvious that the soil salinity in the upper layer 
was higher than that in the subsoil, suggesting that the salts in 
the underlying layers transported upward and accumulated in 
the topsoil [9]. The spatial distribution soil salinity maps 
showed that more than 50% of the IRD soils were salt-affected. 
The strongest level of salinity was in those samples which were 
taken from the coastal regions of the Arabian Sea, which most 
likely occured due to seawater intrusion [32].  

Parameter Min. Max. Mean Mode STD SE CI 

Soil depth (0-20cm) 

Dry density 

(g/cm3) 
1.20 1.40 1.30 1.28 0.05 0.004 0.02 

EC (dS/m) 0.45 55.2 14.28 11.76 13.98 1.25 2.45 

pH 6.8 11.42 7.93 7.5 0.58 0.05 0.10 

ESP 1.38 64.57 25.21 52.54 14.86 1.33 2.61 

Soil depth (20-40cm) 

Dry density 1.19 1.44 1.27 1.27 0.04 0.004 0.01 

EC 0.56 48.0 11.52 13.78 11.86 1.06 2.08 

pH 7.1 9.2 7.99 7.5 0.43 0.03 0.07 

ESP 5.23 66.55 26.64 34.6 14.91 1.33 2.61 

Soil depth (40-60cm) 

Dry density 1.17 1.40 1.26 1.27 0.04 0.003 0.01 

EC 0.66 41.8 9.57 2.36 9.98 0.89 1.75 

pH 7.2 9.21 8.01 7.7 0.43 0.038 0.07 

ESP 3.66 65.78 27.06 38.33 14.67 1.31 2.57 
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Fig. 4.  Spatial distribution of soil classes to various depths 

IV. CONCLUSIONS 

Physicochemical analysis of soil samples collected from 
different depths of various locations within the Indus delta 
revealed that about 66.4% and 72.8% of the samples collected 
from top 0-20cm soil layer had EC and ESP values beyond the 
safe limits. Similarly, for soil samples collected from the 20-
40cm soil layer, 60.8%, and 72%, had EC and ESP values that 
exceeded safe limits. For the 40-60cm soil layer, 56.8%, and 
79.2% had EC and ESP values higher than the safe limits. On 
an average, the dry density in the soil samples varied from 1.26 
to 1.30g/cm3. Overall, spatial analysis of soil samples revealed 
that more than 50% of the IRD soils were affected by soil 
salinity. Reduction of the volume of freshwater flow in the 
Indus basin, low rainfall, seawater intrusion in the delta and 
various anthropogenic activities occurring along the coast are 
the most likely causes of degradation of soils in the IRD. The 
findings of this study are helpful to policymakers, farmers, and 
agriculturists in order to mitigate the ecological degradation in 
the Indus delta and revive its soils. 
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