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Abstract: Soil degradation and pollution is one of the main problems threatening the sustainable
development of agriculture. This study used remote sensing and geographic information system
(GIS) techniques to assess the risks of soil degradation and the risks of heavy metals in some soils
north of the Nile Delta. The study area suffers from salinity, alkalinity, and water logging, so a spatial
degradation model was used. Relying on landsat ETM+ images and the digital elevation model
(DEM), it was possible to produce a geomorphological map, and it showed that the studied area
consists of two landscapes, i.e., flood plain and lacustrine plain. The results indicated that salinization,
alkalization, compaction, and water logging were the main types of soil degradation in the studied
area. The spatial land degradation model showed that 16.61% of soils were affected by low degrees
of degradation, 74.03% were affected by moderate degrees, and 9.36% were affected by high degrees
of degradation. The studied area was affected by chemical degradation risks between low and
high at 90.62% and 9.37%, respectively, while the physical degradation risks varied between low,
moderate, high, and very high with percentages of 9.37%, 41.53%, 40.14%, and 8.93%, respectively.
The environmental risks of heavy metals were assessed in the studied area using pollution indices
including, the enrichment factor (EF), the pollution load index (PLI), and the potential ecological risk
index (PER).

Keywords: soil degradation; heavy metals; enrichment factor; pollution load index; potential ecological
risk index; GIS; remote sensing

1. Introduction

Soil is a non-renewable resource, as it is the main source of human food and provides
essential support to ecosystems, so its preservation is vital to ensure food security and a
sustainable future [1–3]. However, about 33% of the world’s soil is exposed to moderate
to severe degradation [2]. The process of soil deterioration reduces the land’s ability to
provide goods or services now or in the future [4–6].

The intricate combination of natural factors such as soil characteristics and climatic
conditions as well as human variables leads to soil deterioration, e.g., over-grazing, over-
cultivation, and deforestation) [7,8].

Soil degradation caused by human intervention is caused by the overexploitation of
the soil, a condition resulting from poverty, ignorance, and inability to have a good system
of sustainable agriculture [9], while the risks of natural degradation reduce productivity
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and result from the influence of natural factors such as climate, topography, and soil
without human intervention [10].

The process of degradation is considered desertification, if it occurs in climates with
severe humidity deficits, as in arid and semi-arid regions [11]. It indicates a long-term
decline in soil productivity and its ability to moderate the environment [12,13], which
impedes sustainable development [14]. It illustrates how technology poses a risk to global
food security, because it requires sophisticated maintenance and is expensive, which could
eventually force farmers to abandon their fields [15].

Salinization and/or alkalinization as a result of water logging are the main processes
that cause soil degradation in irrigated agricultural fields in arid and semi-arid climates [16].
The old agricultural lands in Egypt are exposed to continuous threats of degradation,
especially chemical degradation, as its impact on the irrigated lands in the Nile Delta has
been observed in many studies such as [17–20].

Many nations in arid and semi-arid regions use poor quality water for irrigation, and
clogged drains seriously endanger the ecosystem [21]. Due to the scarcity of fresh water in
the study area, many soils were irrigated with water flowing from mixing stations, which
mixes the fresh Nile water with agricultural drainage water and sometimes sewage water,
leading to an increase in the concentration of heavy metals. The danger of irrigation with
wastewater is the accumulation of heavy metals in the soil, which negatively affects soil
fertility, as well as the quantity and quality of products [22]. Additionally, prolonged use of
fertilizers results in the buildup of heavy metals in the soil, which lowers the fertility and
plant development of the soil and lowers production [23].

Heavy metals in soil are important byproducts of both natural and human activi-
ties. Other pedogenic processes acting on rock fragments and weathering are two natural
sources of heavy metals; these activities often occur at low quantities [24]. The main an-
thropogenic sources of heavy metals are agricultural chemicals, commercial fertilizers, and
other materials used as soil conditioners, lime materials, irrigation water, and atmospheric
decomposition [25]. Toxic contaminants of manmade origins, such as heavy metals, can go
up the food chain and into human society [26].

The environmental quality of the soil is evaluated using a variety of pollution indices.
These indices assess environmental risks, support a thorough geochemical assessment
of the state of the soil environment, represent the degree of soil degradation and help
identify whether heavy metals originate from natural processes or from various human
activities. Additionally, monitoring soil quality and guaranteeing the sustainability of
agricultural ecosystems both benefit greatly from the research of pollution indices [27–29].
Understanding the dynamic process of regional soil degradation and soil restoration
through studies on monitoring and assessment is crucial for improving scientific protection
and environmental monitoring [30]. Therefore, our study aimed to assess the risks of soil
degradation and ecological risks by monitoring the distribution of eight heavy metals (Fe,
Mn, Zn, Cu, Pb, Ni, Co, and Cd) in different geomorphological units. To achieve this, the
enrichment factor (EF), the pollution load index (PLI), and the potential ecological risk
index (PER) were calculated.

2. Materials and Methods
2.1. Study Area

The studied area was located in the northern part of the Nile Delta, Egypt between
longitudes 30◦40′ and 31◦10′ E and latitudes 31◦20′ and 31◦30′ N, covering an area about
of 1047.48 km2. According to [31], the mean minimum and maximum temperatures are
about 11.0 ◦C and 26.4 ◦C, respectively. The annual precipitation is usually very low, and
most of it falls in the winter, reaching 6.5 mm/year. The evaporation rates range from 34.3
to 81.7 mm. Based on [32], the soil temperature regime is “thermic”, and the soil moisture
regime is “torric”. The geology of the studied area is part of a large downward slope
characterized by an unstable shelf region in North Egypt [33].
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2.2. Landscape

The physiographic analysis of the aerial photographs resulted in defining two major
landscape units in the study area, i.e., flood plain (66.93%) and lacustrine plain (33.07%),
according to [18,34]. The data in Table 1 show the main physiographic units and associated
soil sets.

The main soil subgroups in this study area were Typic Torrifluvents and Vertic Torri-
fluvents [32].

2.3. Physiography and Laboratory Analyses

Digital images of the enhanced satellite images (ETM+) covering the studied area were
processed using ENVI 5.1 software [35] to determine the geomorphological units. Satellite
images along path 177 and row 038 were collected in 2020. The images were processed using
the ENVI 5.1 software package including data manipulation, data calibration, rectification
of the satellite images, atmospheric correction, and enhancement of the ground resolution
from 28.5 m to 14.25 m [36]. Arc GIS 10.2.2 software was used to overlay maps and related
tables to show the classes of remote sensing occurring in each physiographic unit; spatial
distribution and physiographic maps were the final maps. The maps were produced by
matching the physiographic units with field studies and laboratory analyses of salinity,
sodicity, bulk density, and the water table.

ENVI 5.1 software was used to define the various landforms of the study area utilizing
the geomorphic approach provided by the Landsat ETM+ images and the digital elevation
model (DEM) [37,38]. Twenty-four soil profiles were collected to symbolize various physio-
graphic units. The morphologies of these profiles were described in accordance with the
recommendations provided by [39].

Physical analyses (particle size distribution and bulk density (g/cm3)) and chemical
analyses as (soil pH, EC (dS/m), CaCO3 (%), organic matter (%), CEC (cmolc/kg), and ESP
(%)) were carried out using the soil survey laboratory methods manual [40,41].

The total contents of Fe, Mn, Zn, Cu, Pb, Ni, Co, and Cd in the studied soil sam-
ples were determined after digestion in Aqua-regia, according to [42], in the Laboratory
of Geochemistry and Toxic Elements, Faculty of Agriculture, Kafr El-Sheikh University
(accredited according to ISO/IEC 17025-2017 by ICP-OES).

Table 1. Physiographic and soil map legends of the investigated area.

Landscape Lithology/
Origin Relief Landform Map.

Unit
Rep.

Profile
Area

(Km2)
Area
(%) Soil Sets Type of

Soil Sets

Flood plain

Alluvial
deposits

Flat to
gently

undulating

High terraces AT1 1 37.56 2.77 Typic
torrifluvents Cons.

Moderate
terraces AT2 4, 3, and 2 112.85 8.32 Typic

torrifluvents Cons.

Low terraces AT3 9, 8, 7, 6, and 5 267.49 19.71 Typic
torrifluvents Assoc.

Gentle
slope

Over flow
basins AB2 12, 11, and 10 136.49 10.06 Typic

torrifluvents Comp.

Decantation
basins AB1 16, 15, 14, and 13 146.88 10.83 Vertic

torrifluvents Assoc.

Flat to
almost flat Fish ponds AF – 8.22 0.6 – –

Old deltaic
deposits Undulating Isolated hills ODH – 5.77 0.43 – –

Lacustrine
plain

Lacustrine
deposits

Flat to
gently

undulating

High terraces LT1 17 56.07 4.14 Typic
torrifluvents Cons.

Low terraces LT3 18 40.18 2.96 Typic
torrifluvents Cons.

Gentle
slope

Over flow
basins LB2 21, 20, and 19 151.74 11.18 Vertic

torrifluvents Comp.

Decantation
basins LB1 24, 23, and 22 98.22 7.25 Vertic

torrifluvents Comp.

Flat to
almost flat Fish ponds LF – 211.34 15.57 – –

Lake bed Flat to
almost flat Fish ponds LbF – 83.79 6.18 – –

Total 1356.63 100

Rep., representative; Cons., consociation; Assoc., association; Comp., complex.
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2.4. Soil Degradation Assessment

The type and the degree of soil degradation were defined and described using the
methodology of [43].

The risk of degradation was evaluated according to the equations shown in Figure 1.
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Figure 1. Flowchart showing the potential evapotranspiration (PET, mm per year), annual precipita-
tion (PA, mm), monthly precipitation (PM, mm), and quantity of irrigation water (Q) for the risk of
soil degradation (mm year−1), in accordance with [44].

3. Results and Discussion

The data in Table 2 display the physical and chemical characteristics of the investigated
soil profiles in relation to the soils of the flood plain and the lacustrine plain.

3.1. Soils of the Flood Plain

This landscape included five landforms, i.e., terraces (high (AT1), moderate (AT2) and
low (AT3)), overflow basins (AB2), and decantation basins (AB1).

The analytical results showed that the soil depth was moderately deep to deep. Soil
texture varied greatly within the different geomorphological units. It was found that clay
texture was dominant for most of the soil profiles, while (AT2) had a clay loam texture.
On the other hand, (AT1) was characterized by its loam texture. The soil pH values were
relatively less than 8.50, ranging between 8.14 and 8.48. Soil salinity values showed that
the EC varied from 0.84 to 5.97 dS/m. Bulk density values ranged from 1.06 to 1.48 g/cm3.
The content of calcium carbonate showed that it increased slightly in the surface layers and
ranged from 1.39% to 4.77%.

The content of organic matter was generally considered relatively low as a result of the
effect of arid conditions effects, ranging from 0.29% to 1.79%, and gradually decreased with
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depth, while its highest values were recorded in the surface layers as a result of various
agricultural practices and activities. The cation exchange capacity varied between the
mapping units due to its high correlation with the texture and type of clay minerals. The
results indicated that the medium texture had a low CEC between 14.90 and 23.18 cmolc/kg,
while the fine texture was found to have a high CEC between 32.28 and 48.48 cmolc/kg.
The exchangeable sodium percentage (ESP) ranged from 2.66% to 20.77%, and the same
conclusion was reached by [45].

Table 2. The main physical and chemical properties of the studied soil profiles.

Map.
Unit

Profile
No.

Depth
(cm)

PH
01:02.5

EC
(dS/m)

CEC
(cmolc/kg)

ESP
(%)

OM
(%)

CaCO3
(%)

Bulk
Density
(g/cm3)

Particle Size Distribution (%)

Coarse Fine
Silt
(%)

Clay
(%) TextureSand

(%)
Sand
(%)

AT1 1 150 8.33 0.84 14.90 2.66 0.29 2.95 1.35 4.55 31.77 41.97 21.7 Loam

AT2

2 150 8.43 0.84 20.68 3.12 0.30 3.30 1.31 7.6 39.45 27.9 25.05
Sandy
clay
loam

3 120 8.22 3.13 26.21 13.04 0.29 2.36 1.44 5.32 27.67 33.22 33.77 Clay
loam

4 145 8.22 3.04 22.65 11.30 0.49 2.52 1.45 3.27 21.35 39.95 35.42 Clay
loam

AT3

5 138 8.14 3.44 27.12 7.54 0.65 1.56 1.48 2.16 22.43 39.33 36.06 Clay
loam

6 95 8.37 5.81 32.72 18.97 0.76 3.12 1.24 2.65 16.35 38.35 42.6 Clay

7 117 8.33 2.37 35.97 8.55 0.80 1.39 1.3 1.73 8.1 45.4 44.7 Silty
clay

8 91 8.43 5.42 34.97 14.66 0.77 1.94 1.28 5.2 15.13 36.8 42.8 Clay

9 150 8.20 2.49 30.61 9.30 0.51 3.58 1.46 3.7 22.62 37.67 36.00 Clay
loam

AB2
10 115 8.44 4.88 43.95 11.91 1.30 3.71 1.20 1.65 9.75 37.35 51.25 Clay
11 110 8.17 3.55 41.45 10.63 0.83 4.77 1.06 4.36 13.03 38.5 44.26 Clay
12 130 8.19 1.95 46.86 6.60 1.17 1.82 1.32 2.96 12.36 36.7 47.96 Clay

AB1
13 125 8.48 4.13 44.41 13.30 1.51 2.90 1.16 2.6 11.2 32.43 53.76 Clay
14 120 8.42 3.56 52.03 8.42 0.90 2.52 1.16 3.06 12.03 29.16 55.73 Clay
15 135 8.31 4.89 45.75 17.90 1.08 3.04 1.39 0.76 5.86 35.36 58.00 Clay
16 110 8.29 5.97 51.71 20.77 1.79 2.47 1.22 2.6 8.1 30.3 59.00 Clay

LT1 17 150 8.19 3.07 19.93 9.27 0.56 1.91 1.54 5.7 23.82 43.8 26.67 Loam

LT3 18 140 8.26 2.22 23.58 9.05 0.65 3.29 1.50 3.03 27.8 37.56 31.6 Clay
loam

LB2
19 120 8.42 4.37 47.51 13.81 2.11 4.17 1.20 7.85 17.00 22.35 52.8 Clay
20 140 8.31 3.96 46.35 12.83 1.27 6.35 1.33 7.1 15.47 26.5 50.93 Clay
21 115 8.38 4.81 41.89 12.89 1.50 1.38 1.23 4.85 12.05 25.35 57.75 Clay

LB1
22 85 8.41 8.36 48.96 18.71 1.60 8.02 1.36 4.47 10.3 21.27 63.95 Clay
23 130 8.23 5.82 55.79 13.27 1.56 6.23 1.33 6.00 15.75 18.82 59.42 Clay
24 80 8.37 9.20 43.11 22.87 1.36 5.36 1.02 2.32 8.9 21.95 66.82 Clay

Soils of the Lacustrine Plain

This landscape included four landforms, i.e., terraces (high (LT1) and low (LT3)),
overflow basins (LB2), and decantation basins (LB1).

The analytical data indicated that the soil depth was moderately shallow to deep. On
the other hand, it was observed in the field examination that gleying and mottling was
present in the deep layers of some soil profiles as a result of the influence of the water
table level fluctuation in this zone [46]. A great variety of soil texture in this landscape was
identified, from loam to clay. The soil pH values ranged from 8.19 to 8.42. The EC values
varied widely, ranging from 2.22 to 9.20 dS/m. The bulk density value varied from 1.02 to
1.54 g/cm3. The CaCO3 varied between 1.38% and 8.02%, and its height was observed in
the deeper layers due to its association with the presence of shell fragments, that is richness
with a carbonate component derived from a terrestrial origin [47].

The content of organic matter in this landscape was relatively high, ranging from
0.56% to 2.11%, and its distribution appeared to show irregular behavior where the organic
matter content decreased in the subsurface layers and then increased in the deeper layers.
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This can be explained by the high OM content in saline soils which may be due to its
preservation by the salts. Furthermore, the high content of OM in the deepest layers may
be due to dissolution of humus as sodium humate and its movement down in the profile.
Moreover, the increase in clay fraction encourages the formation of clay humus complex
which is more resistant to decomposition than organic matter alone [48]. The CEC values
varied widely due to the types of heavy texture and their contents which varied between
19.93 and 49.29 cmolc/kg. The ESP values ranged from 9.05% to 22.87%.

3.2. Heavy Metals

The results (Table 3) indicated that the mean concentrations of heavy metals, i.e., Fe,
Mn, Zn, Cu, Pb, Ni, Co, and Cd, in the different geomorphological units were 34,621.7,
569.93, 122.66, 44.02, 63.12, 61.45, 32.87, and 1.98 ppm, respectively. The total of the elements
in the different studied profiles were distributed in descending order as follows: Fe > Mn >
Zn > Pb > Ni > Cu > Co > Cd.

Table 3. Maximum (max), minimum (min), and mean values of total heavy metals (ppm).

Fe Mn Zn Cu Pb Ni Co Cd

Max 67,359.3 1394.72 310.15 86.14 168.51 145.32 87.26 5.43
Min 2871.5 74.51 11.21 7.98 7.31 4.88 7.87 0.20

Mean 34,621.7 569.93 122.66 44.02 63.12 61.45 32.87 1.98

The results of the vertical distribution in some soil profiles in the different geomor-
phological units (AT1, AT2, AT3, LT1, and LT3) are shown in Figure 2a. They showed
that the contents of all the heavy metals decreased with depth, except for Pb, and that
their concentrations increased in the surface layers due to their association with clay and
organic matter [49]. Furthermore, they decreased in deep layers due to the dominance
of the sand fraction and low CEC [50]. Moreover, it was observed that the silt fraction
dominated in these units, causing Pb to present an irregular trend. The presence of reactive
elements, such as sesquioxides, in the silt fraction might account for the binding of Pb in
this fraction [51].

Regarding the vertical distribution in the mapping units LB2 and LB1, as shown in
Figure 2b, the total heavy metals in the studied area increased with the depth, which may
be attributed to the increase of the fine fractions. On the other hand, copper (Cu) and nickel
(Ni) decreased with the depth and their amounts increased in the surface layer as a result
of their bonding with the accumulated organic matter [52].

The results in Figure 2c in the geomorphological units, AB2 and AB1 showed that
the tested heavy metals were relatively remarkably low in the subsurface layers and their
amounts were high in the surface and deep layers. This can be explained by the fact that
high concentrations of heavy metals and their retention in the clay fraction in the deep
layers is due to a lack of humus, which determines the migration of free ions to this depth.
Moreover, higher concentrations in the surface layers could be due to the presence of high
humus contents. The same interpretations were reported by [53,54].
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Figure 2. Distributions of total heavy metals in the different geomorphological units tested: (a) AT1,
AT2, AT3, LT1, and LT3; (b) LB2 and LB1; (c) AB2 and AB1. (a–c) are symbols.

3.3. Soil Degradation

The data in Table 4 indicated that the soils of the terraces, AT1, AT2, LT1, and LT3, had
a low degree of salinization (EC reached to 0.89 dS/m), as they were characterized by good
physical properties. The texture of their deep layers was sandy clay loam, and due to the
improved drainage conditions, the ground water level reached 150 cm, which is reflected in
the leaching of salts and reduction in their concentration at increasing depths [55]. On the
other hand, it was noted that the soil of the over-flow basins (AB2) had low salinity despite
its clay texture, and this was confirmed by the field examination of this soil that showed it
had a tile drainage system that contributed to a reduction in salt concentrations [56].

Table 4. Soil degradation degrees in the different mapping units.

Map.
Unit

Chemical Degradation Physical Degradation

Salinization Alkalization Compaction Water Logging

EC dS/m Class ESP
(%) Class BD

(g/cm3) Class W.T
cm Class

AT1 0.89 1 2.55 1 1.36 2 150 1
AT2 2.38 1 9.14 1 1.4 3 138 1
AT3 4.5 2 13.11 2 1.36 2 118 2
AB2 3.69 1 9.97 1 1.19 1 118 1
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Table 4. Cont.

Map.
Unit

Chemical Degradation Physical Degradation

Salinization Alkalization Compaction Water Logging

EC dS/m Class ESP
(%) Class BD

(g/cm3) Class W.T
cm Class

AB1 4.72 2 15.24 3 1.22 2 122 3
LT1 3.54 1 10.27 2 1.55 3 150 2
LT3 2.62 1 10.39 2 1.51 3 140 2
LB2 4.79 2 12.54 2 1.27 2 125 2
LB1 7.87 2 18.64 3 1.23 2 98 3

1 = Low, 2 = Moderate, 3 = High. BD, bulk density.

In contrast, the salinity incrementally increased in the soils of the decantation basins,
AB1 and LB1, especially the soils of lacustrine deposits origin, which had heavy clay content
in the deep layers, poor drainage, high ground water, and gleying. All these conditions led
to the movement of salts by capillary rise to the surface layers and thus accumulated in
them, which is consistence with Reference [57]. The high degree of alkalinization (the ESP
reached 18.64%) affected the soil of the decantation basins (AB1 and LB1).

The high degree of compaction affected the values of bulk density (which reached
1.55 g/cm3) in the soil of the terraces (AT2, LT1, and LT3). It was observed that the deeper
layers of these soils increased in compaction due to a high sand fraction and low organic
matter [58]. Moreover, high compaction was found in the surface layers in the decantation
basins soils. This can be explained by the fact that wet-tillage (puddling) caused these layers
to be compacted, which reduced the leaching of soluble ions and caused salts to accumulate
in them. The migration of clay was also caused by the destruction of the surface structure
and changes in its condition from oxidation and reduction, especially in the deposits of
lacustrine in the study area. The same analysis was carried out by another researcher who
came to the same conclusion [59].

The high degree of water logging (soil depth less than 100 cm) affected the soil of the
decantation basins (LB1). This soil was affected by the lacustrine deposits system near
Lake Burullus.

The field inspection revealed that excessive irrigation, the use of low-quality water
for irrigation, improper use of heavy equipment, human intervention in natural drainage,
and a lack of conservation measures were the primary causes of soil deterioration in the
studied area.

3.3.1. Spatial Soil Degradation Model

A soil degradation spatial model was designed using geoprocessing tools to assess
the degree of degradation in the study area (Figure 3). This was carried out with input
variables such as salinity, alkalinity, compaction, and water logging to produce a soil
degradation map. The model can be thought of as a visual programming language for
building workflow, and it comprises a series of sequential steps: (1) converting bulk density,
electrical conductivity, exchangeable sodium percentage, and water table depth from
vector characteristics into raster layers; (2) reclassifying the variables to the common scale;
(3) applying a weighted overlay for the raster layers that were classed by assigning a new
value based on an assessment scale to each value class in an input raster and weighting
each input raster according to its significance or percent effect. The percent of weight
is relative, and the total percent influence weights must be equal 100; (4) reclassifying
weighted overlay raster layers; (5) using conditional tools such as setting null to exclude
fish ponds and isolated hills from the analysis and also using the con tool to specify only
layers that will be used in the study area; (6) converting the raster dataset to polygon
features; and (7) producing a soil degradation map.
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The results of the spatial model indicated three degrees of degradation in the study area
(Figure 4). First, a low degree covering an area of 174.05 km2, i.e., 16.61%, was presented
in the soils, AT1 and AB2. Second, a moderate degree covering an area of 775.32 km2, i.e.,
74.03%, was presented in the soils, AT2, AT3, AB1, LT1, LT3, and LB2. Third, a high degree
covering an area of 98.11 km2, i.e., 9.36%, was presented in the soil LB1.

Agriculture 2023, 13, x FOR PEER REVIEW 12 of 19 
 

 

 

Figure 4. Soil degradation degrees of the studied area. 

3.3.2. Soil Degradation Risk Assessment 

The dangers associated with soil degradation imply a progressive loss in agricultural 

production brought on by the combined effects of soil, topography, and climate conditions 

without human intervention. 

The calculated results from the risk equations in Table 5 revealed that the geomor-

phological units, LB1, LB2, AB1, and AB2, had physical degradation ranging from low to 

moderate risks, as they covered an area of 98.22 km2, i.e., 9.37%, and 435.11 km2, i.e., 

41.53%, respectively. The reduced risk of physical degradation of these units was due to 

the fact that they were characterized by a decrease in silt fraction and an increase in the 

content of organic matter. However, the units, AT2, AT3, LT3, AT1, and LT1, had physical 

degradation ranging from high to very high risks, covering an area of 420.52 km2, i.e., 

40.14%, and 93.63 km2, i.e., 8.93%, respectively. This rise was associated with an increase 

in the silt fraction and a decrease in the content of organic matter. These trends were sim-

ilar to [60]. 

The results in Table 5 revealed that the mapping units, AT1, AT2, AT3, AB2, AB1, 

LT1, LT3, and LB2, were characterized by having a low risk of chemical degradation as a 

result of their soil depths exceeding 100 cm and the vast majority of their units covered an 

area of 949.26 km2, i.e., 90.62%. Moreover, one unit (LB1) was found to have a high risk of 

chemical degradation. This may be explained by its depths being less than 100 cm, as well 

as the high salinity of the ground water, and it covering a small area, 98.22 km2, i.e., 9.37%. 
  

Figure 4. Soil degradation degrees of the studied area.

3.3.2. Soil Degradation Risk Assessment

The dangers associated with soil degradation imply a progressive loss in agricultural
production brought on by the combined effects of soil, topography, and climate conditions
without human intervention.

The calculated results from the risk equations in Table 5 revealed that the geomor-
phological units, LB1, LB2, AB1, and AB2, had physical degradation ranging from low
to moderate risks, as they covered an area of 98.22 km2, i.e., 9.37%, and 435.11 km2, i.e.,
41.53%, respectively. The reduced risk of physical degradation of these units was due to
the fact that they were characterized by a decrease in silt fraction and an increase in the
content of organic matter. However, the units, AT2, AT3, LT3, AT1, and LT1, had physical
degradation ranging from high to very high risks, covering an area of 420.52 km2, i.e.,
40.14%, and 93.63 km2, i.e., 8.93%, respectively. This rise was associated with an increase in
the silt fraction and a decrease in the content of organic matter. These trends were similar
to [60].
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Table 5. The computed chemical and physical degradation risks in the studied area.

Map.
Unit

Chemical Degradation Risk Physical Degradation Risk

SR TR CR Risk Class SR TR CR Risk Class

AT1 1 1 0.76 0.76 1 1.93 1 4.60 8.87 4
AT2 1 1 0.76 0.76 1 1.07 1 4.60 4.92 3
AT3 1.9 1 1.03 1.95 1 0.97 1 4.60 4.46 3
AB2 1.5 1 0.66 0.99 1 0.78 1 4.60 3.58 2
AB1 1.5 1 0.87 1.30 1 0.55 1 4.60 2.53 2
LT1 1 1 1.51 1.51 1 1.64 1 4.60 7.54 4
LT3 1 1 0.76 0.76 1 1.18 1 4.60 5.42 3
LB2 1.5 1 1.01 1.51 1 0.45 1 4.60 2.07 2
LB1 2.5 1 2.02 5.05 3 0.32 1 4.60 1.47 1

SR, soil rating; TR, topographic rating; CR, climatic rating; Risk = SR*TR*CR; risk < 2 (class 1 = low), risk = 2–4
(class 2 = moderate), risk = 4–6 (class 3 = high), risk > 6 (class 4 = very high).

The results in Table 5 revealed that the mapping units, AT1, AT2, AT3, AB2, AB1, LT1,
LT3, and LB2, were characterized by having a low risk of chemical degradation as a result
of their soil depths exceeding 100 cm and the vast majority of their units covered an area of
949.26 km2, i.e., 90.62%. Moreover, one unit (LB1) was found to have a high risk of chemical
degradation. This may be explained by its depths being less than 100 cm, as well as the
high salinity of the ground water, and it covering a small area, 98.22 km2, i.e., 9.37%.

3.4. Pollution Indices
3.4.1. Enrichment Factor (EF)

The enrichment factor (EF) gives reliable information in geochemical studies, as it
is used to distinguish sources of heavy metal enrichment originating from either natural
geological processes or anthropogenic factors [61].

The EF was calculated from the equation provided by [62,63].

Enrichment Factor (EF) = (M/Fe) sample/(M/Fe) background

where (M/Fe) is the ratio of metal and Fe concentrations of the sample, M/Fe crust is
the ratio of metal and Fe concentrations of the background, and M is the concentration of
metal. In the current study, the background concentrations of the eight metals were taken
from [64].

The classes of EF were as follows:
EF ≤ 1 (no enrichment), 1 < EF ≤ 3 (minor enrichment), 3 < EF ≤ 5 (moderate

enrichment), 5 < EF≤ 10 (moderately severe enrichment), 10 < EF≤ 25 (severe enrichment),
25 < FE ≤ 50 (very severe enrichment), and EF > 50 (extremely severe enrichment) [65].

The calculated results for the enrichment factor (EF) of the heavy metals as shown in
Table 6 indicated that the degree of enrichment varied among the different geomorpho-
logical units, as there was no enrichment to minor enrichment with Mn and Ni, minor
enrichment with Zn, minor enrichment to moderate enrichment with Cu, minor enrichment
to severe enrichment with Pb and Co, and moderately severe enrichment to very severe
enrichment with Cd. The EF sequences of heavy metals in the different geomorphological
units were represented in the following order: Cd > Pb > Co > Cu > Zn > Mn > Ni. Thus,
it was concluded that cadmium was more abundant in its enrichment than other metals
and that its higher enrichment was due to human activities from excessive uses of super-
phosphate fertilizer applications by farmers; the same interpretation was reported by [66].
In contrast, the EF values for some metals were the lowest as a result of the higher total
amounts of iron.
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Table 6. Enrichment factor (EF) values of the investigated heavy metals.

Map. Unit Mn Zn Cu Pb Ni Co Cd

AT1 2.37 2.64 4.41 15.59 1.41 10.10 22.31
AT2 0.78 1.70 2.05 4.09 1.00 2.62 10.80
AT3 1.01 2.03 2.14 4.78 1.26 2.87 11.83
AB2 0.69 1.79 1.13 3.10 1.08 2.45 11.54
AB1 0.93 1.87 1.17 3.52 1.50 2.29 7.88
LT1 2.41 1.47 3.93 14.71 2.03 5.96 26.99
LT3 0.45 1.84 2.05 1.66 1.99 3.57 12.41
LB2 0.70 1.38 1.07 4.77 1.25 1.29 7.98
LB1 1.04 2.04 1.22 5.05 1.18 2.47 8.92

3.4.2. Pollution Load Index (PLI)

The pollution load index (PLI) expresses the number of times the concentration of
heavy metals in the samples exceeds the background concentration and gives an overall
assessment of heavy metal toxicity in the study area [67].

The pollution load index (PLI) of each site was evaluated as indicated by [67].

Pollution load index = (CF1 × CF2 × . . . . . . . . . CFn)1/n

where n is the number of metals and CF is the contamination factor. Contamination can be
estimated as: PLI >1 means polluted; PLI value < 1 means unpolluted, according to [68,69].

The pollution load indices (PLI) calculated from the values of the contamination factor
(CF) of the heavy metals presented in Table 7 showed that the majority of the studied
profiles were polluted (PLI > 1) while some profiles were unpolluted (PLI < 1).

Table 7. Values of pollution load indices (PLI) and potential ecological risk indices (PER) for the
measured heavy metals in the studied area.

Map.
Unit

PLI PER

Value Level Value Level

AT1 0.48 Unpolluted 95.28 Low risk
AT2 0.77 Unpolluted 153.62 Moderate risk
AT3 0.88 Unpolluted 149.02 Low risk
AB2 1.22 Polluted 239.66 Moderate risk
AB1 1.59 Polluted 239.80 Moderate risk
LT1 1.11 Polluted 275.43 Moderate risk
LT3 0.83 Unpolluted 194.34 Moderate risk
LB2 1.69 Polluted 316.46 Considerable risk
LB1 2.63 Polluted 414.65 Considerable risk

The spatial distribution of the PLI (Figure 5) showed that the sites with a high level
of pollution, with an area of 589.4 km2, i.e., 56.26%, comprised the mapping units AB2,
AB1, LT1, LB2, and LB1, while the unpolluted sites with an area of 458.8 km2, i.e., 43.73%,
comprised the mapping units AT1, AT2, AT3, and LT3.
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3.4.3. Potential Ecological Risk Index (PER)

The potential ecological risk index (PER) can be used to make a comprehensive
assessment of the ecological risks caused by toxic metals.

The PER was calculated using the following equation:

PER = ∑ Er

where Er was the potential ecological risk factor of each heavy metal.
The following classes of the PER were in accordance with [70], where PER < 150 (low),

150 < PER < 300 (moderate), 300 < PER < 600 (considerable), and PER > 600 (very high).
The obtained results (Table 7) indicated that the PER values in most geomorphological

units indicated the moderate risk, and the PER values indicated the high risk in other
units due to the presence of a high ecological risk of cadmium, which had a high toxicity
coefficient. The same interpretation was reported by [70].

As shown in Figure 6, the considerable risk with an area of 249.9 km2, i.e., 23.86%, was
presented in the geomorphological units LB2 and LB1, the moderate risk with an area of
492.4 km2, i.e., 47.01%, was presented in units AT2, AB2, AB1, LT1, and LT3, and the low
risk with an area of 305.5 km2, i.e., 29.12%, was presented in units AT1 and AT3.
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4. Conclusions

It can be concluded that the studied area was subjected a low to high risk of chemical
degradation, as well as low to very high risk of physical degradation. Moreover, the
processes of salinity, alkalinity, soil compaction, and water logging were from low to high.
The GIS is an effective tool to store, manipulate and quantitatively evaluate soil degradation.
As a result of the use of waste-water in irrigation, the concentrations of heavy metals were
increased in the majority of the study area, and they increased significantly in the basin
soils. The pollution load index (PLI) showed that 43.73% of the study area was unpolluted,
and 56.26% was polluted. The current status of the study area indicated that it is at high
risk of degradation and contamination with heavy metals and thus requires planning and
soil management to achieve sustainable agriculture.
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