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Abstract: The issue of soil contamination is one of the most important subjects that interests decision-
makers all over the world. It is also related to soil fertility and food security. The soils adjacent to the
drains in Egypt suffer from increasing concentration of heavy metals, which negatively affects soil
and crop quality. Precise spatial distribution maps of heavy metals are an essential key to mitigating
the negative impacts on the ecosystem. Sixty random soil locations adjacent to the EI-Moheet drainage
were chosen on the west side of the Nile River, El-Minia governorate, Egypt. Six heavy metals (Cr,
Co, Cu, Cd, Pb, and Zn) were selected to generate their spatial pattern maps using ordinary Kriging
(OK). Principal component analysis (PCA) and contamination factors (CF) were applied to evaluate
soil contamination levels in the study area. The results showed that the Gaussiang model was a high
fit for soil pH, and Pb, the Exponential model was fit for EC, Stable model was fit for OC, Co, Cu,
and Cd. In addition, the Spherical model was fit for both Cr and Zn. The MSE values were close to
zero in all selected metals, while the values of RMSSE were close to one. The results showed that
the soil heavy metal concentrations were grouped into two clusters using PCA. Furthermore, three
contamination degrees were obtained (moderate, considerable, and very high), with about 70.7% of
the study area characterized by considerable heavy metals concentration, where the average heavy
metals concentration (mg kgfl) in this degree was 91.23 & 19.5,29.44 +5.2,53.83 = 10.2,1.12 £ 0.3,
36.04 £ 18.0, and 101.29 & 35 for Cr, Co, Cu, Cd, Pb, and Zn, respectively. The current results reflect
the mismanagement and use of low-quality water for irrigation in the study area, which increased the
toxic element concentration in soil surface layers. In the end, the results of spatial distribution maps
of pollutants and their degrees could support decision-makers as a basis for developing appropriate
mitigation plans for heavy metals.

Keywords: soil contamination; Nile vale; ordinary kriging; multivariate analysis

1. Introduction

Soil contamination is a serious phenomenon that threatens the ecosystem in most
countries, especially third-world countries [1,2]. As the heavy metal concentrations in the
soil exceed the permissible limits, negative impacts on the crop quality appear, thereby
reflected in the food chain [3]. The Egyptian soils suffered from increasing levels of soil
contamination during the last two decades, which caused degradation of soil fertility and
quality in the Nile valley and Delta [4,5]. Anthropogenic activities cause negative impacts
on natural resources and agricultural activities. Soil contamination is related to some
activities such as irrigation with wastewater and intensive use of pesticides, herbicides, and
fertilizers [6-8]. The deficiency of fresh water for irrigation prompted the farmers to use
low-quality water (drainage and sewage) from various sources in irrigation, thereby leading
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to the accumulation of heavy metals in the rhizosphere zone [9,10]. The increase of salt
accumulation and heavy metals in the rhizosphere zone may cause toxicity, especially for
sensitive crops, and impacts human health [11,12]. The soils located close to the agricultural
drainages in the Nile valley and Delta are susceptible to increasing contamination levels.
Many researchers have studied this phenomenon and its negative effects on soil quality,
plant production, and biological diversity [9,13]. For instance, the soils located near the
drainage of Bahr Al-Baqr are vulnerable to increased heavy metal concentrations such as
Cr, Cu, Cd, Mn, Zn, Ni, and Pb, such as the soil adjacent to the rest of the drainages of
the north Nile Delta and valley [14]. On the contrary, the soils irrigated by the Nile water
were characterized by low to moderate contamination levels in the middle of the Nile [15].
Some authors showed that the concentration of copper, nickel, vanadium, chromium, and
zinc does not have high environmental pollution impacts. Hence, soil contamination
assessment has become necessary for decision-makers to find appropriate solutions to
reduce the impact of rising soil pollution [16]. The first steps toward properly addressing
soil contamination are understanding the spatial distribution of heavy metals and knowing
the sources of contamination. Hence, geographic information systems (GIS) help mapping
soil properties spatial distribution [17,18]. The geostatistical analysis is a technique that
allows analyzing spatial data and then predicting the unsampled data’s location. There are
various geostatistical analysis methods, such as Kriging and Inverse Distance Weighting
(IDW). The semivariogram models of Kriging can calculate the unsampled values with high
accuracy. They depend on calculating the inter-sample distances. The models calculate
the relationships among the variables and the nugget, sill values, and range of the data
parameter [19]. Understanding the relationship among heavy metals is necessary for
soil contamination assessment, especially with a large amount of data. In many cases,
some elements have a higher impact on pollution than others [20]. Accordingly, principal
component analysis (PCA) can solve this issue, as it helps reduce many variables to a
few comprehensive principal components to model the regressions between the different
variables [7,21]. Many studies have shown the preference for using the PCA to assess
soil and water quality. PCA and agglomerative hierarchical clustering (AHC) successfully
classified water quality into three categories. The results were satisfactory compared
to other models where PCA was more significant than the others. Furthermore, AHC
examines distances between samples, where most similar points are grouped, forming
one cluster. AHC is an unsupervised classification strategy of merging the closest pair of
clusters recursively. Because of the recursive structure, the most critical part of AHC is
how to automatically stop the process at the point when the clustering error rate reaches its
lowest possible value [22]. In addition, the PCA had the advantage of processing a huge
amount of data without being restricted to a specific number [23]. PCA was also used to
determine different sources of soil contamination, either industrial or agricultural activities,
and the contribution percentage of heavy metals involved in soil contamination [24,25].
On the other hand, other studies used PCA to delineate the soil fertility status to improve
the efficiency of fertilizers in the site-specific management zones [26]. The outputs of PCA
could help to understand patterns of soil variables and their trends. Identify suitable
solutions to remediate soil contamination and make potential ambitious plans to achieve
sustainable development and improve the quality of food production. The limitation of
fresh irrigation water is one of the most serious problems of agricultural production in
Egypt, which makes farmers irrigate their fields from unsafe sources, or in a more precise
sense, polluted sources, such as agricultural drains and renewable groundwater [27].
Moreover, the excessive use of chemical fertilizers to increase the yield is one of the sources
of pollution in Egyptian lands [28].

The current study aims to assess soil contamination with some selected heavy metals
by mapping the spatial distribution of heavy metals in the study area, delineating the
contamination levels using PCA, and determining the contamination degree of the study
area. The objectives are to study some soil properties and total concentrations of Cr, Co, Cu,
Cd, Pb, and Zn in an area subject to irrigation with wastewater from El-Moheet drainage.
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2. Materials and Methods
2.1. Discerption of the Study Area

The area under study is adjacent to the El-Moheet drainage on the west side of the
Nile River, El-Minia governorate, Egypt. El-Moheet drainage is located a few kilometers to
the west of Minya Governorate and passes through Abu Qurqas district from the south to
Samalut in the north. For nearly 100 years, southern parts have received wastes generated
from the Abu Qurqas sugar plant. The study area covers about 2894 hectares and is located
between 30°43/09” to 30°48'51” Longitude and 27°56'30” to 82°04'35” Latitude (Figure 1).
The surface of the study area is flat to almost flat as the elevation ranges between 38 and
41 m above sea level toward the north. The study area is under an arid climate with a hot
summer, warm winter, high evaporation, and low rainfall intensity. The meteorological
station of El Minia Governorate (EMA, 2020) was recorded for 35 years (1985-2020) as
follows: the average monthly temperature ranges between 12.9 °C in January and 30.2 °C
in August. Rainfall is rare throughout this region; the total mean precipitation is 28.0 mL
per year [29]. The studied area is alluvial deposits from the Nile River, and the dominant
soil texture ranges between silt and clay.

30°44'0"E 30°48'0"E 30°0'0"E 35°0'0"E
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Figure 1. Location map of the study area.

2.2. Anthropogenic Activities in the Study Area

An administered questionnaire and meetings with farmers have been done to stand on
common crops and irrigation sources in the study area. The most common cultivated crops
in the study area are wheat, maize, and sugar beet. The freshwater from the Nile is the main
irrigation source in the agricultural sector. The Egyptian farmer usually depends on his
personal experience in determining the quantities of added chemical and organic fertilizers
without considering the recommendations issued by the responsible authorities [30,31].
The farming system in the study area is dependent on a surface irrigation system using
freshwater and groundwater. As a result of freshwater deficiency, some farmers illegally
consumed water from El-Moheet drainage for irrigation.

Figure 2 shows the steps of the integration methodology between the inputs and
outputs throughout the current work.
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Figure 2. Flowchart methodology of the current work.

2.3. Field Study and Soil Analysis

Sixty random soil locations adjacent to the El-Moheet drainage, were selected to test
the soil contamination degree. The coordinates of each location have been recorded using
GPS. Collected soil samples were air-dried and ground to pass through a 2-mm-sieve and
stored at approximately 4 °C in plastic bags until analysis. The Bouyoucous hydrometer
method was used to determine particle size distribution [32]. Soil pH was measured in
soil suspension at 1:2.5 (soil:water) using the pH-meter Jenway. Soil electrical conductivity
(ECe) was measured in soil paste extract using an EC-meter Jenway. The dichromate
oxidation method was used to determine soil organic carbon (OC) according to the Walkley
and Black procedure [33]. Concentrations of Cr, Co, Cu, Cd, Pb, and Zn were determined
in 0.25 g of soil samples. Soil samples were digested with 7 mL of concentrated nitric acid
and 3 mL of hydrofluoric acid [34] at 200 °C in ETHOS UP microwave digester unit using
the inductively coupled plasma mass spectrometry (Thermo ICP-MS model iCAP-RQ).

2.4. Contamination Indices

The contamination factor (CF) of each metal of the studied heavy metals was calculated
by dividing each measured heavy metal’s total concentration by the background value
(chemical composition of the upper continental crust) according to Taylor and Mclennan
(1995) [35]. The background values of the studied heavy metals were Cr = 35, Co = 10,
Cu=25,Cd=0.1,Pb=20,and Zn = 71 mg kg '

Hakanson [36] distinguished four levels of CF as follows: CF < 1 (low contamination),
1 < CF < 3 (moderate contamination), 3 < CF < 6 (considerable contamination), and
6 < CF (high contamination). Degree of contamination (DC) according to Hakanson [36]
indicates contamination of multi-metal and was calculated as: for each sample. There are
four levels of contamination based on the value of the degree of contamination: DC < 8
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(low contamination), 8 < DC < 16 (moderate contamination), 16 < DC < 32 (considerable
contamination), and 16 < DC < 32 (very high contamination).

2.5. Spatial Variability Maps of Some Soil Properties and Heavy Metals

The spatial distribution maps of soil parameters were carried out using the interpola-
tion Kriging method to identify the various patterns of ECe, pH, OC, and selected soil heavy
metals (Cr, Co, Cu, Cd, Pb, and Zn). The Kriging interpolation method [37] is involved in
the geostatistical analyses in ArcGIS software 10.4. Descriptive statistical analyses were
done to identify the normal distribution of the data using the Shapiro-Wilk test, and the
upper and lower values and outlier values using SPSS software version 22. Since the data
were not subject to a normal distribution, based on histogram and normal QQPlots, the
transformations were applied using logarithmic methods to make the data as possible as
close to the normal distribution, so that the data would be suitable for derivation and statis-
tical analysis and suitable for the assumption of equal variance. The unmeasured values of
soil heavy metals were predicted using a suitable model among the semivariogram models
according to their accuracy. Three parameters were used to test the model’s strength; the
nugget, the sill, and the range [38].

Semi-variogram models (Gaussian, Exponential, Stable, and Spherical) were used in
the current study to determine the best model fitted for the selected heavy metals. The
accuracy of the different models has been evaluated based on the mean standardized error
(MSE), root-mean-square error (RMSE), and average standard error (ASE), according to
Johnston et al., 2001 [39]. The closer values of ASE to zero and the nearest values of RMSSE
to one indicated the higher accuracy of the model and vice versa [40].

2.6. Statistical and Principal Component Analysis

All statistical analyses were conducted operating the XLSTAT 2021 add-in for Microsoft
Office Excel. Principal component analysis is reducing data into groups named; principal
components (PCs) or factors. XLSTAT 2021 was used to achieve PCA to reduce the selected
variables in the current study to a new dimension using orthogonal transformation to
demonstrate most of the variance. PCA produces some PCs equal to the number of
variables, and the selection of PCs is based on eigenvalues [41]. The resulting PCs could
estimate the correlations between them using factor loading. Hierarchical cluster analysis
(HCA) was used for clustering the heavy metal data to study their behavior, origins,
and sources. This analysis facilitates understanding the correlation between the different
heavy metals [23].

2.7. Remote Sensing and Image Processing

The supervised imaging classification of the study area around the El-Moheet drainage
was carried out using the satellite image of the Operational Land Imager (OLI), which ac-
quired data on 20 June 2021, with a spatial resolution of 30 m. The image preprocessing was
done based on the radiometric and atmospheric calibrations using the ENVI software 5.3.
The satellite image was classified using the supervised maximum likelihood classification
to obtain a land-use map [42].

3. Results and Discussion
3.1. Soil Properties and Heavy Metals of the Study Area

The soil texture of the study area is clay. Quantitative data described in Table 1 and
Figure 3 showed soil pH, EC, and OC. Soil pH ranged between 7.79 and 8.56, with an
average of 8.12 £ 0.14. Regarding ECe values, descriptive data indicated that the study
area has a wide range of ECe varying from 1.76 to 10.1 dSm™! (4.04 + 1.8 dSm™!). The
ECe values < 4 dS m™! relatively occupied 66.7% of the study area and the rest 33.3%
recorded ECe values > 4 dS m~! [43]. Meanwhile, according to the agronomic classification
of soil salinity [12,43], only one sample had ECe < 2 dS m~! (non-saline), 65% of the
samples classified as slightly saline soils (2-4 dS m~'), 26.7% recorded EC, between 4
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and 8 dS m™! (saline soils), and 6.7% with ECe values 8-16 dS m~! classified as strongly
saline soils. The obtained data revealed that soil organic carbon varied between 7.52 and
16.9 (12.64 + 2.63) mg kg~ 1.

Table 1. Descriptive statistics (quantitative data) of the studied variables:.

. pH EC. ocC mg kg1

Statistic 12.5 dSm1  gkgl  f Co Cu cd Pb Zn

Nbr. of observations 60 60 60 60 60 60 60 60 60
Minimum 7.79 1.76 7.52 53.09 19.97 34.61 0.29 15.59 66.28
Maximum 8.56 10.10 16.90 165.96 43.52 91.40 2.07 79.41 235.44
Mean 8.12 4.04 12.64 82.63 28.62 51.57 0.88 31.54 93.91
Standard deviation 0.14 1.80 2.63 22.29 5.59 11.43 0.46 16.44 32.40

Skewness (Pearson) 0.27 1.57 —0.07 1.14 0.40 1.42 0.82 1.70 2.84

Chemical composition of the upper continental crust

(Taylor and Mclennan,1995) % 10 % 0.1 20 71

Average natural concentration of heavy metals in rocks

(values in mg kg 1) (Bradl, 2005) 15-70 1.3-10 9.9-39 0.1-0.13 2.6-27 37-68
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Figure 3. Spatial distribution of soi pH, EC, and organic carbon (OC).

Descriptive statistics for total concentrations of the investigated Cr, Co, Cu, Cd, Pb, and
Zn are detailed in Table 1. The chromium total concentration ranged between 53.09 and 165.96
with a mean of 82.63 + 22.29 mg kg~ !. Cobalt concentration varied from 19.97 to 43.52 with
an average of 28.62 + 5.59 mg kg 1. The range of total cadmium concentration was between
0.29 and 2.07, with an average of 0.88 4 0.46 mg kg . The total content of lead has an average
of 31.54 4 16.44 mg kg~ !. Total concentrations of copper and zinc as microelements were
34.61-91.4 (51.57 £ 11.43) mg kg ! and 66.28-235.44 (93.91 + 32.4) mg kg !, respectively
(Figure 4).
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Figure 4. Spatial distribution of heavy metals total concentrations.

The obtained results agreed with other investigations in the Abo-Korkas district [30,44].
All means of the studied heavy metals were higher than the chemical composition of the
upper continental crust according to Taylor and Mclennan, 1995 [35]; and the natural
concentration of heavy metals in rocks according to Bradl, 2005 [45]. The wide range
of heavy metal concentrations in the study area is related to the great diversity in the
quantities used of chemical and organic fertilizers by farmers [30,46], in addition to the use
of polluted water from “El-Moheet drainage” in the irrigation process [44].

Chromium is one of the toxic heavy metals found in the soil naturally from the
processes of weathering minerals in the earth’s crust or because of industrial residues
reaching the soil [47]. Cobalt is an important element in plant nutrition because of its
important role in the growth of leguminous plants when it is available in low concentration.
The increase in cobalt concentration in soil causes many problems for the growing plants,
such as deficiencies in photosynthesis and nitrogen metabolism in plants [48]. Fertilization
is one of the most important sources of cobalt contamination [49]. Copper and zinc are
essential microelements in plant nutrition. However, high concentrations of them cause
a reduction in plant production. Soil contaminated with cadmium is linked with the
intensive use of phosphate fertilizers, pesticides, and sewage sludge [50]. El-Moheet
drainage contains those heavy metals and other salts generated through the agricultural
drainage process. Therefore, using such a water in irrigating the neighboring soils is a
source of contamination with the studied heavy metals. Moreover, El-Moheet drainage
receives the waste generated from the Abu Qurqas sugar plant.

3.2. Geostatistical Analysis and Mapping

Table 2 illustrates the parameters of semi-variogram modeling. The accuracy param-
eter of the best fit model among the semi-variograms was calculated using RMSE, MSE,
RMSSE, and ASE. The results showed that the Gaussiang model was highly fit for soil pH,
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and Pb, the Exponential model was fit for EC, and the Stable model was fit for OC, Co, Cu,
and Cd. Furthermore, the spherical model was fit for both Cr and Zn. The MSE values
were close to zero for all selected parameters, while the values of RMSE and RMSSE were
close to one. However, values of ASE were small in all the resulted models.

Table 2. Semi-variogram parameters of the spatial data modelling.

Variable ~ Model N(“Cg(;g)et P;‘irltlial ( Cgiil o Nuggeysil rﬂgz SDC  RMSE ASE RMSSE ASE
pH Gaussiang 0.090 0.22 0.31 0.29 270 Moderate  0.57 0.024 0.95 0.48
EC Exponential ~ 0.006 0.26 0.27 0.02 560 strong 0.65 0.010 0.97 0.40
ocC Stable 0.000 0.24 0.24 0.00 270 strong 0.65 0.020 0.92 0.43
Cr spherical 0.020 0.34 0.36 0.05 270 strong 091 0.020 0.91 0.40
Co Stable 0.610 0.29 0.90 0.67 270  Moderate  0.50 0.001 0.97 0.40
Cu Stable 0.120 0.20 0.32 0.37 292 Moderate  0.50 0.030 0.96 0.42
Cd Stable 0.000 0.34 0.34 0.00 270 strong 0.68 0.030 0.88 0.52
Pb Gaussiang 0.150 0.07 0.22 0.68 1615  Moderate  0.51 0.002 0.98 0.42
Zn spherical 0.000 0.50 0.50 0.00 362 strong 0.72 0.070 1.01 0.59

The results of the Semi-variogram showed that the nugget values of pH, EC, OC, Cr,
Cu, Cd, Pb, and Zn ranged between 0 and 0.12 for all models, except for the Stable model of
Co as the nugget was 0.61. The nugget/sill ratio of all models” parameters ranged between
0 and 0.68. In addition, the results showed a strong spatial dependence (SDC) of all models,
which varied between moderate and strong predictions.

The spatial distribution maps of the studied heavy metals showed their high concen-
trations observed in the northern parts of the study area. These parts are adjacent to urban
areas, where the irrigation channels and drainages are subject to various pollution sources.
These findings are consistent with similar studies in the Nile valley and Delta [14,23,51]. On
the other hand, southern parts of the study area were characterized by low concentrations
of most of the selected elements except for Co, as its concentrations were significantly
high, which may be associated with the human activities and the agricultural management
practices in these areas in terms of fertilization use [30,46].

3.3. Principal Component Analysis (PCA)

The correlation matrix (person) of studied variables, is shown in Table 3. Regardless
of correlation significance, soil pH negatively correlated with all the variables. There were
significant negative correlations between soil pH and the total concentration of Cr, Cd, Pb,
and Zn. However, the soil content of Co and Cu positively correlated with soil organic
carbon (OC). A higher correlation was found between Cd and Cr.

Principal component analysis (PCA) is used as a mathematical process to extract the
variables from the original data and group them into factors (principal components) [52,53].
PCA was applied to assess soil contamination with some selected heavy metals in other
studies [54,55].

The Kaiser-Meyer—Olkin (KMO) test was used to determine the adequacy of sampling
for all variables before principal component analysis (PCA) [56]. The KMO value was 0.729
and indicated that soil sampling was acceptable as the KMO value was >0.6. A PCA was
achieved based on 60 observations and 9 variables. The Scree plot illustrates the eigenvalue
and cumulative variability (%) of different principal components or factors (Figure 5). Data
detailed in Table 4 showed that only three factors with cumulative variability of 71.39%
have eigenvalues > 1, and the rest of the factors were ignored according to Kaiser [57]. The
first factor F1 has the highest eigenvalue and variability (3.8 and 42.23%) and showed a
significant negative correlation with soil pH and a highly significant negative correlation
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with the total concentration of Cr, Cu, Cd, Pb, and Zn according to factor loadings values.
The second factor, F2, was highly positively correlated with soil organic carbon and Co
content, with eigenvalues and variability of 1.46 and 16.18%, respectively. The third factor,
F3, has the lowest eigenvalue and variability (1.17 and 12.98%) and was strongly correlated
with EC as the factor loading value was 0.835 (Table 4).

Table 3. Correlation matrix (Pearson) of the studied variables:.

. . ECe ocC Cr Co Cu cd Pb Zn
Variables pH (1:2.5) dSm™1 gkg1 mgkg ! mgkg ! mgkg ! mgkg 1l mgkg ! mgkgl
pH (1:2.5) 1

ECedSm~!  —0.402** 1
OCgkg™! —0.068 0.165 1
Crmgkg™!  —0.391* 0.160 0.211 1
Comgkg™! —0.231 —0.038 0.447 *** 0.272 * 1
Cumg kg1 —0.282 0.071 0.445***  0.616 ***  0.417 ** 1
Cdmgkg™!  —0.437 *** 0.113 0.084 0.839 *** 0.161 0.535 *** 1
Pb mg kg ! —0.320 * 0.173 0.004 0.526 *** 0.027  0.464 ***  (.585 *** 1
Znmgkg~!  —0.354 ** 0.323 * 0.285 * 0.414 ** 0.218 0.539 ***  0.470 ***  (.589 *** 1

Note: Values in bold are different from 0 with a significance level alpha = 0.05. * p <0.05; ** p < 0.01; *** p < 0.001.

Eigenvalue

Scree plot
100

80

60

40

20

Cumulative variability (%)

FL F2 F3 F4 F5 F6 F7 F8 F9

Figure 5. Scree plot for eigenvalue and cumulative variability (%) of different principal components.
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Table 4. Factors extracted by principal component analysis:.

F1 F2 F3
Eigenvalue 3.801 1.456 1.168
Variability (%) 42228 16.178 12.983
Cumulative % 42228 58.405 71.388
pH (1:2.5) —0.588 0.204 —0.409
ECe dSm™! 0.331 —0.215 0.835
OCgkg™! 0.389 0.737 0.231
Crmgkg™! Factor loadings or 0.830 —0.097 —0.264
Comgkg™! Correlations between 0.416 0.704 —-0.015
Cumgkg™! variables and factors 0.789 0.291 —0.196
Cdmgkg! 0.812 —0.267 —0.296
Pb mg kg ™! 0.705 —0.402 —0.160
Znmgkg ! 0.744 —0.051 0.169

Values in bold correspond for each variable to the factor for which the squared cosine is the largest.

Figure 6 shows the principal component analysis biplot of F1 (42.23%) and F2 (16.18%),
which rescales the score plot and the loadings plot to overlay both on a single plot. In the
biplot, the variables are illustrated as arrows, and the correlation between each pair of
variables is configured by the cosine of the angle between the arrows. The smaller the angle
between each pair of arrows, the stronger the correlation between variables [58]. However,
a variable such as pH was linked with other variables at an angle close to 180°, indicating a
negative correlation [59].

Biplot {axes F1 and F2: 58.41 %)

0OC (g ke-1)

CF (Co)

CF {Cu)
+ Obs32
* Obs18

2 « BB

* Obs2l

RSl

F2 (16.18 %)

-6

-4 -2 0 2 4 [ 8
F1(42.23 %)

= Active variables - Active observations

Figure 6. Principal component biplot.

PCA was used to study the pattern of soil contamination with organic pollutants in
some countries, such as Spain, China, India, and Russia, over a long period [60]. To assess
soil contamination with heavy metals such as Cu, Zn, Ni, Pb, Cr, and Cd in areas adjacent to
copper mines, principal component analysis, and geoaccumulation index were used [8,54].

3.4. Cluster Analysis Based on PCA

PCA is used to gather the studied variables into groups, while cluster analysis is used
to group observations into clusters. The cluster contains observations that are like each
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other compared to other clusters [61,62]. In this study, agglomerative hierarchical clustering
(AHC) classified the data into two groups (clusters).

The dendrogram shown in Figure 7 illustrates the dissimilarity between the two
clusters, each cluster has different characteristics. Descriptive statistics detailed in Table 5
showed that the first cluster has 38 observations, and the second has 22 observations, with
different ranges, means, and standard deviations (SD) of all variables. The location of each
cluster observation is shown in Figure 8. Those two clusters were extracted from factors
(F1, F2, and F3) obtained by PCA. The obtained results showed significant differences
between the two clusters on pH, EC, Cr, Cu, Cd, Pb, and Zn. On the other hand, there
were no significant differences between the two clusters in soil organic carbon and total
concentration of Co. This may be due to the low percentage of organic matter in the study
area and the Nile valley [63-65].

Consequently, cluster 1 is characterized by higher pH, lower EC, and a lower level
of contamination than cluster 2. The clustering analysis resulted in three clusters of soil
quality (very good, good, and fair) in a case study of El-Fayoum, Egypt [21,66]. Data from
heavy metal-contaminated soil types in India from 1991 to 2018 were subjected to clustering
analysis [67].

Dissimilarity
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Figure 7. Dendrogram for the extracted clusters by agglomerative hierarchical clustering (AHC).
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Table 5. Descriptive statistics (quantitative data) of the studied variables for clusters:.
Clust Statisti pH EC. oc mgkg ! DC bC
uster atistic (125 dSm1  gkg! Cr Co Cu cd Pb Zn Level
No. of observations 38 38 38 38 38 38 38 38 38 38
Minimum 7.96 1.76 7.52 53.09 19.97 34.61 0.29 16.98 66.28 10.64
1 Maximum 8.56 6.23 16.90 90.90 4352 91.40 1.07 48.60 131.13 19.85 Mod
Mean 8172 3.38° 12132 69.88>  27.63°  47.00° 0.61° 2480°  8212b  15.14° oderate
SD 0.12 0.94 2.65 9.41 6.08 9.11 0.17 7.33 11.81 1.88
Skewness 1.35 0.81 0.16 —0.07 0.58 2.96 0.38 1.65 1.72 —0.25
No. of observations 22 22 22 22 22 22 22 22 22 22
Minimum 7.79 2.39 9.37 63.51 22.72 43.00 0.41 15.59 79.28 13.12
) Maximum 8.22 10.10 16.80 165.96 42,56 81.33 2.07 79.41 235.44 357 terabl
Mean 8.02° 5174 13523 104642 30332 59.45 2 1.352 43192 11430 25702 onsiderable
SD 0.12 231 2.34 20.90 4.09 10.72 0.42 20.75 4434 5.68
Skewness —-0.31 0.63 —0.40 0.50 0.92 0.67 —0.79 0.59 1.62 —0.93

Means of variables with different letters indicate a significant difference between them.
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Figure 8. Land Use of the study and location of cluster 1 (C1) and cluster 2 (C2).

3.5. Land Use of the Study Area

Figure 8 shows the land use of the study area around the El-Moheet drainage—the
west side of the Nile River, El-Minia governorate, Egypt. Five classes were observed;
agriculture crops (soybean, maize) in the summer season, fallow soils, bare soil, and urban
areas that generally represent the main classes in the Nile Value in El-Minia governorate,
Egypt [31]. Agriculture field crops (soybean, maize) are the dominant classes that represent
about 70% of the total area, and urban (residential buildings and industrial areas) is the
second dominant class, as it represents about 15% of the total studied area. The El-Moheet
drainage is directed from the south toward the north. El-Moheet drainage is considered
a pollution source as some farmers use such water for irrigating their crops due to the
deficiency of clean irrigation water [68].
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3.6. Contamination Factor (CF) and the Degree of Contamination (DC)

To assess probable ecological risk linked to some heavy metal, contamination factors
(CF) were calculated for each cluster. Figure 9 shows the spatial distribution of each site
and its cluster classification (C1 or C2). The results showed that the contamination factor
of Cr in cluster 1 indicated moderate contamination; meanwhile, cluster 2 was relatively
high contamination; it was characterized by 45% moderate contamination and 55% of
soil samples had considerable contamination according to Hakanson [36]. Increasing the
concentration of chromium in the soil may lead to a decrease in soil quality and this
may reflect on human health [69]. The contamination factor of Co demonstrated that
cluster 1 has moderate and considerable contamination of 66% and 34%, respectively.
Moreover, cluster 2 was moderately and considerably contaminated by Co with a relative
percentage of 59 and 41, respectively. Cluster 1 recorded 97% moderate contamination and
3% considerable contamination by Cu, while those contamination levels in cluster 2 were
86 and 14%, respectively.

Cluster 1 Cluster 2

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

CF(Cr) CF(Co) CF(Cu) CF(Cd) CF(Pb) CF(Zn) CF (Cr) CF (Co) CF(Cu) CF(Cd) CF (Pb) CF (Zn)
CF<1 ®W1<CF<3 m3<CF<6 MG<CF CF<1 W1<CF<3 mM3<CF<6 MG<CF
(a) (b)

Figure 9. Contamination levels for each studied heavy metal in Cluster 1 (a) and Cluster 2 (b).

Regarding Cd, both clusters showed high levels of CF. Cluster 1 showed three different
contamination levels by Cd; moderate, considerable, and high, with relatively percentages
5,42, and 53%, respectively. The increase in Cd concentration in both clusters may be due
to human activity and fertilizer application in the study area [70]. Cluster 1 was polluted
by Pb and Zn at low and moderate levels, whereas cluster 2 recorded high contamination
levels. The degree of contamination (DC) was calculated based on the CF of the studied
heavy metals, indicating that cluster 2 was highly contaminated compared to cluster 1
(Table 5).

Table 6 and Figure 10, showed three degrees of contamination in the study area. A
28.73% of the study area showed a moderate contamination degree, and relatively low
concentrations of heavy metals that agree with [66,71]. The largest part of the study area
was attributed to considerable concentrations of heavy metals where the average of heavy
metals to this degree was 91.23 £+ 19.5,29.44 £+ 5.2, 53.83 £+ 10.2, 1.12 £ 0.3, 36.04 £ 18.0,
and 101.29 £ 35 for Cr, Co, Cu, Cd, Pb, and Zn, respectively. This part is the middle of
the study area, where the sources of pollution vary between pollution by irrigation water
sources and others resulting from human activities during agricultural management [72].
On the other hand, the highest degree occupies about 0.57% of the total area.
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Table 6. Average of heavy metals contents in each degree of contamination of the study area:.

DC mg kg1
Area, h (%)
Level Value Cr Co Cu Cd Pb Zn
Moderate 14.16 =14 68.84 £9.4 27.09 £ 5.4 47.15 £10.0 0.53 £ 0.1 23.80 £7.9 80.27 £ 8.0 830.9 (28.73%)
Considerable 22.16 +4.8 91.23 £ 195 29.44 £52 53.83 £10.2 1.124+0.3 36.04 £+ 18.0 101.29 £ 35 2045.0 (70.7%)
very high 32.85 +0.5 124.53 +24.8 34.14 £54 68.32 + 8.7 1.83 £ 0.2 57.28 + 13.7 143.09 + 53.7 16.4 (0.57)
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Figure 10. Map of degree of contamination in the study area.

Many other researchers used various soil contamination indices, particularly contami-
nation factors and degree of contamination [30,67,73]. The variation in CF and DC between
the two clusters may be explained by the disparity between farmers in the irrigation pro-
cess from drain water or renewable groundwater, in addition to mineral fertilization in
different quantities.

4. Conclusions

The current study highlights the assessment of soil contamination by heavy metals in
the area adjacent to the El-Moheet drainage, which is considered one of the most important
obstacles to sustainable development and food security. This study demonstrated the
effective use of the semivariogram models for predicting the spatial distribution maps of
heavy metals in the study area. Furthermore, the integration of PCA and HCA provided
unconventional results in classifying the study area into two zones, each of which differs
from the other in concentration and pattern of heavy metals. The average contamination
factor CF for the selected metals has an order of Zn > Cr > Cu > Pb > Co > Cd. On the other
hand, Cd has the highest contamination factor among the heavy metals. The results showed
three contamination degrees of the heavy metals (moderate, considerable, and very high).
About 70.7% of the study area showed considerable contamination, which is a dangerous
alarm for ecosystems in the area. All pollution levels were above the threshold of their
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average concentration in the surface earth crust and parent material. The current results
show to the decision-makers and researchers the effects of human negative practices on the
land of the study area, such as the use of polluted water in irrigation, the excessive use of
mineral fertilizers and pesticides, etc. Finally, the study recommends activating agricultural
management laws to reduce human negative practices that lead to increased environmental
pollution. Moreover, future studies will focus on ways to manage and mitigate the effects
of soil pollution.
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