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Abstract: The concept of metal bioavailability in soils is increasingly becoming the key
to addressing potential risks. Yet, space–time variations of heavy metal concentrations in
salt-affected soils is still vague. The current work, therefore, is the first attempt to address
spatial and seasonal analyses of heavy metals in a Mediterranean arid agroecosystem.
This study was conducted in a coastal area in northeastern Egypt as an example. The
DTPA-extractable concentrations of Cr, Co, Cu, Fe, Pb, Mn, Ni, and Zn in addition to the
main properties of 70 georeferenced soil samples (0–30 cm) were determined during the
wet (March) and dry (September) seasons. The results revealed that except for Cu, the
concentrations of all the determined metals stood below the safe limits. On average, the
concentrations of Cu were 4.1- and 5-fold the acceptable limit of 0.20 mg kg−1, respectively.
The statistical analysis indicated that seasonal variations greatly affect the concentrations of
Mn, Ni, and Zn. Compared with the wet season, significant increases of 1.25, 1.50, and 1.28-
fold in the concentrations of these metals occurred during the dry season, respectively. The
principal component analysis affirmed that the presence of Cr, Co, Fe, and Ni was closely
related to geogenic factors; meanwhile, agronomic practices were likely the main inputs
of Cu, Pb, and Zn. The geostatistical analysis illustrated that the geographic variability of
Cr, Fe, Mn, and Zn was due to interactions of natural and stochastic processes. Farming
practices controlled the spatial variability of Ni, Pb (in the wet period), and Co (in the dry
period). The effect of natural processes during the wet period was evident for Cu, which
showed strong spatial variability. The kriged maps showed that the concentrations of Co,
Fe, and Ni tended to increase seaward and were found to be affected by pH, salt ions, and
exchangeable Na+. Moreover, both silt and organic matter content had profound impacts on
the spatial distribution of Cr, while the distributions of Cu, Pb, and Zn were linked to that of
CaCO3 content. The suggested mechanisms governing metal bioavailability were sorption
and complexation with ligands (for Co, Fe, and Ni), redox potential (for Cr), dissolution–
precipitation (for Mn), and ion exchange (for Cu, Pb, and Zn). The results of this study
affirm that drying–wetting cycles and spatial distribution affect the bioavailability of heavy
metals in coastal salt-affected soils of arid regions. These findings imply that seasonality
(wet and dry) and spatiality should be considered for monitoring and rehabilitation of
degraded soils under similar ecological conditions.
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1. Introduction
Heavy metals (HMs) are characterized by their higher atomic numbers (above 20) and

densities (exceeding 5 g cm−3) [1]. They play a complex role in the environment, particularly
in soil–plant systems. Some of these metals, such as iron (Fe), manganese (Mn), zinc (Zn),
copper (Cu), and cobalt (Co), are essential micronutrients for plant growth and metabolic
functions. However, others, like cadmium (Cd), chromium (Cr), nickel (Ni), and lead
(Pb), have no known biological role and can be harmful. At elevated concentrations, even
essential heavy metals can become toxic, leading to adverse effects on crop productivity and
pose serious risks to human health through food chains [2]. Once entering the pedosphere,
these metals accumulate and their total content persists for long periods since metal
pollutants are highly available, very active, and non-biodegradable [3]. Hence, reducing
the bioaccessibility of HMs in soils presents a significant environmental challenge.

The ecotoxicity of HMs relies not only on the total content but also on their chemical
speciation [4]. Metals in soils occur in several forms, i.e., soluble species, exchangeable ions,
structural cations, and insoluble precipitates. The first two species are labile, while others
have slower cycles within terrestrial ecosystems [5]. Metal bioaccumulation is primarily
related to these bioavailable species in soils [6,7]. Moreover, metals from human activities
are often present in labile forms upon entering the ecosystems, while those from geogenic
sources exist in more stable forms [8]. Thus, bioavailable species rather than total contents,
can more accurately depict the origin, behavior, and severity of HMs in soils.

Metal bioavailability in soils is a dynamic process governed by interactions of metal
ions, soil properties, and time of processing [5]. Key factors affecting metal retention and
transfer in soils include soil pH, texture, clay mineralogy, organic matter (OM), CaCO3,
and redox potential [2,9]. Particularly, soil chemical properties can vary spatially [10]. In
addition, seasonal variations in air temperature and rainfall affect these characteristics [11],
which may induce short-term fluctuations in metal speciation in soils. However, spatial
variations in soil metal bioavailability, along with seasonal changes, have rarely been
explored at regional scales.

To interpret local space–time variations, continuous distribution patterns of metals
and influential soil factors should be considered [12]. Recently, kriging has been shown
as a robust geostatistical technique to analyze the spatial structure of soil data [13–15].
Kriging depicts spatial variability based on the regional spatial scale, sampling distance,
and spatial pattern of modeling semivariograms [14]. Ordinary kriging achieves optimal
and unbiased predictions [16], simulating spatial structure using several variograms to
reduce the variance of prediction errors and show numerous map outputs [17]. Hence,
screening soil metal bioavailability in space and time based on kriged maps is a promising
approach over large areas.

Salt-affected soils are soils with high amounts of dissolved salts and/or sodium ions,
which interfere with normal plant growth. They are divided into saline, sodic, and saline-
sodic depending on the amount and type of soluble ions. These soils cover 1.3 billion ha
worldwide and occupy 8.5% of land area in 118 countries [18]. These soils dominate arid
and semi-arid regions due to low rainfall, high evaporation, and irrigation that induce
secondary soil salinity and sodicity [19]. Coastal areas are at high risk since salts transported
by winds from the sea surface through marine spray can be deposited on the inland ground
surface [20]. Seasonal fluctuations in salinity and sodicity are typical in coastal soils due to
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seawater intrusion in groundwater [21]. Therefore, it is essential to examine how levels of
salinity and sodicity affect HMs behavior in soils.

Previous studies have mainly focused on the effect of salinity on metal sorption
and retention in small-scale trials. Laboratory experiments [22–24] have revealed that
increasing salinity level can enhance metal availability. For instance, Acosta et al., [22]
studied the effect of salinity induced by CaCl2, MgCl2, NaCl, and Na2SO4 on the mobility
of Cd, Cu, Pb, and Zn in semi-arid calcareous soils. They illustrated that competition with
salt-derived cations on sorption sites and complexation with salt-derived anions resulted
in high metal release from soils. Moreover, Chu et al. [23] reported that increasing soil
salinity induced by NaCl addition increased the exchangeable fractions of Cd, Pb, and Zn
in wetland soil. However, the effects of geographically and seasonally related factors on
soil metal availabilities remain a significant concern [25]. Soil properties affecting metal
transformations are interdependent, so a change in one value will also affect the other
one [9]. This, in turn, advocates for a deep vision of how metal ions interact with key soil
properties in salt-affected areas.

Egypt is one of the most sensitive countries to salinity and sodicity hazards, where one
million ha (about 35% of the agricultural lands) in irrigated areas is salt-affected. Most of
these soils are mainly located in coastal ecosystems [26]. An increase in metal bioavailability
could lead to additional adverse effects, which must be considered for the rehabilitation
of these degraded soils. Therefore, the main goal of the current work was to monitor the
bioavailability status of eight HMs (Cr, Co, Cu, Fe, Pb, Mn, Ni, and Zn) during wet and
dry seasons in a coastal salt-affected zone in Egypt. Additional goals were to specify the
potential sources and spatial variability of these metals for future remediation techniques.

2. Materials and Methods
2.1. Description of the Study Area

The study area was located in a northeast part of the Nile Delta in Egypt, between
latitudes 30◦44′ and 31◦04′ N and longitudes 32◦20′ to 32◦34′ E (Figure 1). The area is
bounded by the Mediterranean Sea to the north, the Suez Canal to the west, the Sinai
Peninsula to the east, and sandy desert plains to the south. This region is one of the newly
established agroecosystems in Egypt, where reclamation projects were launched in the
1950s and have increased rapidly since the 1980s. The Quaternary formations cover about
97% of the study area, including stabilized sand dunes and undifferentiated deposits,
mainly wadi and playa deposits. The remaining 3% is covered by the Lower Pliocene
Hagul formation (chalky limestone, sandstone, and shale). The soils are classified as Typic
Torriorthents (77%), Typic Haplosalids (17%), and Typic Torripsamments (7%) The land use
types are barren lands, croplands, and water bodies. The cropping pattern is dominated by
alfalfa as a permanent field crop and annual field crops, including wheat, barley, and sugar
beet in the winter, and rice in the summer.

The area is dominated by a Mediterranean climate characterized by hot summers
and little rain in the winter. As shown in Figure 2, the minimum temperature is 8 ◦C (in
January), while the maximum value is 36 ◦C (August). The total annual rainfall (R) is 73 mm
and occurs mostly during the winter season. The potential evapotranspiration (PET) varies
from 1.8 mm day−1 in January to 6.2 mm day−1 in August, with a mean annual value of
4 mm day−1. Therefore, the aridity index (R/PET) is 0.05, indicating an arid environment.
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2.2. Field Work and Laboratory Analysis 

A total of seventy geo-referenced sampling sites were strategically distributed 
throughout the investigated area as illustrated in Figure 1. Surface soil samples, taken 
from a depth of 0–30 cm, were collected during the wet season (March) and dry season 
(September) of 2023. At each site, five disturbed soil samples were combined to provide a 
composite sample. These samples were then stored in polyethylene sacks and transported 
to the laboratory for analyses. The soil analyses were performed a following guidelines 
outlined by the Soil Survey Staff [27]. Soil pH was measured using a 1:2.5 soil-to-water 
suspension, while the electrical conductivity (EC) and soluble ions were analyzed from 
soil paste extracts. Sodium (Na+) and potassium (K+) concentrations were determined us-
ing a flamephotometer, whereas calcium (Ca2+), magnesium (Mg2⁺), chloride (Cl−), bicar-
bonate (HCO3−), and carbonate (CO32−) concentrations were assessed through titration 
methods. The exchangeable sodium was quantified using the ammonium acetate method 
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Figure 1. Location map of the study area.
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Figure 2. Mean monthly temperature and rainfall (average from 2010 to 2022) in the studied area.

2.2. Field Work and Laboratory Analysis

A total of seventy geo-referenced sampling sites were strategically distributed through-
out the investigated area as illustrated in Figure 1. Surface soil samples, taken from a depth
of 0–30 cm, were collected during the wet season (March) and dry season (September)
of 2023. At each site, five disturbed soil samples were combined to provide a compos-
ite sample. These samples were then stored in polyethylene sacks and transported to
the laboratory for analyses. The soil analyses were performed a following guidelines
outlined by the Soil Survey Staff [27]. Soil pH was measured using a 1:2.5 soil-to-water
suspension, while the electrical conductivity (EC) and soluble ions were analyzed from soil
paste extracts. Sodium (Na+) and potassium (K+) concentrations were determined using a
flamephotometer, whereas calcium (Ca2+), magnesium (Mg2+), chloride (Cl−), bicarbonate
(HCO3

−), and carbonate (CO3
2−) concentrations were assessed through titration meth-

ods. The exchangeable sodium was quantified using the ammonium acetate method at
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pH 7.0. The exchangeable sodium percentage (ESP) was calculated using the following
Equation (1):

ESP =
Exchangeable sodium

Cation exchange capacity
× 100 (1)

The OM content was determined using the Walkley–Black procedure. The CaCO3

content was determined using the calcimeter method. The soil particle size distribution
was determined using the standard pipette method. The available forms of Cr, Co, Cu,
Fe, Pb, Mn, Ni, and Zn were extracted using the diethylene triamine pentaacetate acid
(DTPA) solution at pH = 7.3 [28]. The DTPA soil test was developed to identify near-neutral
and calcareous soils. The extraction consists of DTPA (as a chelating agent that forms
complex with HMs), triethanolamine (forms complexes with interfering elements like Al),
and CaCl2 (precludes the dissolution of CaCO3). Briefly, 10 g air-dried soil (2-mm) was
shaken with 20 mL extraction solution for 2 h. Thereafter, the suspension was filtered
through Whatman 42 filter paper. The concentrations of metals were measured in the
filtrate using an inductively coupled plasma optical emission (ICP-OES—Perkin Elmer
Optima 5300, Markham, ON, Canada). All analyses were conducted in triplicate using
analytical grade chemicals, and the results were reported as mean values.

2.3. Statistical Analysis

All statistical analyses were carried out using SPSS 28.0 software (IBM, Armonk, NY,
USA). To compare soil properties between the wet and dry seasons, analysis of variance
(ANOVA) was performed at a 5% significance level (p < 0.01). The soil dataset was nor-
malized by computing z-scores, a crucial pre-processing step for ecological data, which
often exhibit non-normal distribution [29]. Following normalization, Pearson’s correla-
tion analysis was applied to the z-scores to examine relationships among metals in the
soils. To identify potential sources of the studied metals, factor analysis was conducted
on the correlation matrix using the principal component analysis (PCA) with the Varimax
rotation method. Only PCs with eigenvalues greater than 1.0 were retained, and parame-
ters with absolute loading values above 0.6 were considered strongly correlated with the
component [30].

2.4. Geostatistical Analysis

The spatial distribution maps were generated using ordinary kriging (OK) geostatis-
tical models in ArcGIS 10.8 software (ESRI, Redlands, CA, USA). The OK estimates the
value of a soil property at unsampled sites using number of neighbor points (n), weight of
measured data (λi), and measured value (Z(xi) Equation (2) [31]:

Z(x0) = ∑n
i=1 λi × Z(xi) (2)

Before applying kriging, data normality was evaluated using the normal quartile–
quartile (Q–Q) plots and histograms to identify distribution outliers. The skewed data were
transformed using logarithmic and Box–Cox methods to reduce the influence of outliers
and fix the non-normality issues [32]. The semivariograms were analyzed to examine
spatial autocorrelations of soil and HMs data. The experimental semivariogram (γ(h)) was
calculated considering the number of data pairs (n) in a large distance (h), observed value
(Z) at the location (xi), and observed value (Z(xi + h)) at a large distance from xi location
using the following Equation (3) [31]:

γ(h) =
1

2n(h)∑
n(h)
i=1 [Z(xi)− Z(xi + h)]2 (3)
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The spatial variability of soil data is outlined based on three main parameters, includ-
ing nugget, sill, and range.

Cross-validation based on the calculated prediction errors was conducted to evalu-
ate the accuracy and predictive performance of OK models. Accordingly, the best-fitted
semivariogram model should achieve (1) the lowest ME (mean error) and MSE (mean stan-
dardized error), (2) similar RMSE (root mean square error) and ASE (average standardized
error) values, and (3) RMSSE (root mean square standardized error) close to 1 [32].

3. Results
3.1. Soil Physicochemical Properties

The results in Table 1 indicate that, among soil properties, the coefficient of variation
(CV) value was highest for SO4

2− in the dry season but lowest for pH in the wet season.
The CV denotes the degree of variability, where CV values below 20, 20–50, and above 50%
indicate low, moderate, and large variability [33]. Accordingly, all the studied soil properties
displayed large variabilities, except soil pH that had a low variability in both seasons.
Moreover, the sand, CaCO3, and OM content (in the dry season) had moderate variabilities.

Table 1. Descriptive statistics of main soil properties.

Property Unit Season Minimum Maximum Mean CV, %

pH --- Wet 7.10 8.52 7.83 a 3.53
Dry 7.10 9.60 7.64 b 4.74

EC dS m−1 Wet 0.17 31.30 7.32 b 106.31
Dry 0.29 61.00 11.43 a 127.29

Na+

mmolC
L−1

Wet 1.10 270.58 52.24 b 121.46
Dry 1.96 478.00 83.69 a 130.87

K+ Wet 0.02 3.74 0.68 b 103.05
Dry 0.02 7.80 1.41 a 101.33

Ca2+ Wet 0.10 49.90 9.55 b 97.95
Dry 0.50 77.20 17.61 a 122.96

Mg2+ Wet 0.14 49.58 11.07 a 100.14
Dry 0.25 90.80 12.49 a 131.11

Cl−
Wet 0.04 296.20 61.08 a 125.92
Dry 1.80 470.00 69.44 a 134.74

SO4
2− Wet 0.00 76.99 10.87 b 141.71

Dry 0.69 137.00 26.44 b 119.60

HCO3− Wet 0.20 6.00 1.63 b 66.26
Dry 0.66 112.00 20.14 a 138.94

ESP --- Wet 0.83 51.15 14.14 a 83.42
Dry 3.35 46.13 17.98 a 63.10

OM g kg−1 Wet 1.00 16.00 7.51 b 56.12
Dry 1.00 21.00 12.24 a 42.85

Sand
%

All

16.00 88.00 49.90 42.83
Silt 2.00 46.00 15.47 70.05

Clay 6.00 64.00 34.63 50.57
CaCO3 g kg−1 48.00 146.70 67.02 29.63

CV, coefficient of variation; EC, electrical conductivity; ESP, exchangeable sodium percentage; OM organic matter.
Means with different letters indicate significant difference at the 0.05 probability level.

The soil pH mean values decreased from 7.83 through the wet season to 7.64 through
the dry season, and such a decline was significant. In contrast, the mean soil EC increased
from 7.32 dS m−1 in the wet season to 11.44 dS m−1 in the dry season, indicating a significant
build-up of 56% in soil salinity. The concentrations of soluble ions Na+, K+, Ca2+, SO4

2−,
and HCO3

– exhibited significant increases in the dry season over the wet season, and such
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increments were 1.6-, 2.06-, 1.84-, 2.43-, and 12.37-fold, respectively. The concentrations
of Mg2+ and Cl−, in addition to ESP values exhibited slight increases in the dry season
compared with the wet season. The mean OM content increased from 7.51 g kg−1 in the
wet season to 12.24 g kg−1 in the dry season, indicating a significant rise of 63%. The
sand dominated soil particle size distribution with an average of 49.90% followed by clay
(34.63%) and silt (15.47%). The dominant textural classes were clay (30 samples), sandy
clay loam (12 samples), sandy loam (12 samples), loam (6 samples), sandy clay (5 samples),
loamy sand (4 samples), and silt loam (1 samples). The CaCO3 content ranging from 48.0 to
146.7 g kg−1, indicates that the soils are moderately to strongly calcareous [34].

3.2. Soil Metal Bioavailability

The results in Table 2 reveal that with an exception for Cu, the DTPA-extractable con-
centrations of all the determined metals remained below the maximum allowable content
(MAC) in agricultural soils. The Cu mean concentrations were 4.10- and 5.05-fold higher
than the MAC in the wet and dry seasons, respectively. The CV values indicate that all the
studied metals had high variability during the two seasons, except Ni that had moderate
variability in the two seasons. On average, the metal concentration was in the order of
Fe > Cu > Mn > Zn > Cr > Ni > Pb > Ni > Co, and this trend was observed during the wet
and dry seasons. The statistical analysis reveals that the concentrations of Cr, Co, Cu, Fe, and
Pb were similar during the two seasons with slight increases in the dry season. On the other
hand, compared with the wet season, significant increases of 1.23-, 1.50-, and 1.28-fold in the
concentrations of Mn, Ni, and Zn occurred during the dry season, respectively.

Table 2. Descriptive statistics of the DTPA-extractable concentrations of heavy metals.

Metal
Wet Season Dry Season

MAC
Range Mean CV, % Range Mean CV, %

Cr 0.04–0.282 0.16 a 96.04 0.05–1.1 0.19 a 96.16 0.50 1

Co 0.01–0.03 0.014 a 112.50 0.01–0.04 0.016 a 99.09 NA
Cu 0.14–3.12 0.82 a 67.27 0.17–3.81 1.01 a 67.53 0.20 1

Fe 0.01–39.45 14.21 a 73.65 0.01–48.21 17.37 a 73.65 NA
Pb 0.01–0.09 0.031 a 73.12 0.01–0.11 0.034 a 74.03 15.0 1

Mn 0.01–2.11 0.70 b 60.12 0.02–2.58 0.86 a 59.88 30.0 2

Ni 0.02–0.12 0.04 b 42.12 0.02–0.15 0.06 a 42.50 1.0 1

Zn 0.05–0.56 0.18 b 53.57 0.07–0.68 0.23 a 53.78 0.50 1

Means with different letters indicate significant difference at the 0.05 probability level. CV, coefficient of variation;
MAC, maximum allowable content, NA, not available. 1 According to Yang et al., 2018 [35]. 2 According to
Rezapour et al., 2020 [36].

3.3. Metal Relationships in Soils

The correlation between metals and soil properties is given in Table 3. Correlations
at p-values of 0.05 and 0.01 were set as significant and highly significant, respectively. The
substantial metal relations with pH occurred in the wet season and were positive for Co and
Fe but negative for Cr. Co, Fe, and Ni had highly significant positive correlations with EC,
Na+, Cl−, and ESP in the two seasons. Moreover, in the dry season, the same metals had
further positive associations with Ca2+, Mg2+, SO4

2−, and HCO3
−. In the wet season, both Co

and Fe were positively correlated with Ca2+ and Mg2+ but negatively correlated with HCO3
−.

Both Co and Mn had substantial positive correlations with sand but negative relations with
silt in the two seasons. The significant metal correlations with silt occurred during the two
seasons and were positive for Cr but negative for Co and Fe. A significant negative correlation
occurred between Cr and OM in the wet season, while a positive correlation was observed
between Zn and OM content in the dry season. The significant metal correlations with CaCO3

occurred during the two seasons and were negative for Co and Fe but positive for Pb and Zn.
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Table 3. Correlation matrix between metal concentrations and main soil properties.

Wet Season

pH EC Na+ K+ Ca2+ Mg2+ Cl− SO42− HCO3− ESP Sand Silt Clay OM CaCO3 Cr Co Cu Fe Pb Mn Ni

Cr −0.28
* −0.16 −0.14 −0.08 −0.14 −0.18 −0.14 −0.15 0.12 −0.09 −0.14 0.30 * −0.01 −0.25

* 0.20 1.00

Co 0.36
**

0.50
**

0.49
** 0.10 0.30 * 0.42

**
0.51
** −0.03 −0.38

**
0.51
** 0.31 * −0.40

** −0.13 0.11 −0.040
** −0.18 1.00

Cu 0.05 −0.04 −0.02 −0.10 −0.13 −0.05 −0.06 0.11 0.24 0.04 0.05 −0.11 0.01 −0.14 0.17 −0.12 −0.12 1.00

Fe 0.28 * 0.51
**

0.51
** 0.12 0.26 * 0.45

**
0.53
** −0.04 −0.37

**
0.52
** 0.17 −0.32

* −0.01 0.02 −0.41
** −0.14 0.90

** −0.02 1.00

Pb 0.00 0.03 0.07 0.07 −0.13 −0.10 0.05 −0.08 0.13 0.09 0.03 0.05 −0.06 −0.21 0.31 * 0.17 −0.25 0.43
** −0.19 1.00

Mn 0.17 0.18 0.17 −0.03 0.14 0.16 0.17 0.02 0.14 0.24 0.33
**

−0.29
* −0.22 −0.07 −0.05 −0.15 0.43

** 0.31 * 0.40
** 0.22 1.00

Ni 0.21 0.33
**

0.34
** −0.03 0.14 0.23 0.36

** −0.11 −0.15 0.38
** 0.14 −0.23 −0.03 0.15 −0.02 −0.03 0.60

** −0.05 0.58
** −0.08 0.310

* 1.00

Zn 0.11 −0.04 −0.03 −0.07 −0.09 −0.08 −0.03 −0.09 0.09 0.00 0.08 −0.04 −0.08 0.11 0.29 * −0.20 0.05 0.26 * 0.09 0.23 0.33
** 0.22

Dry season

pH EC Na+ K+ Ca2+ Mg2+ Cl− SO4
2− HCO3− ESP Sand Silt Clay OM CaCO3 Cr Co Cu Fe Pb Mn Ni

Cr 0.08 −0.14 −0.14 −0.21 −0.20 −0.09 −0.11 −0.16 −0.22 −0.17 −0.15 0.29 * −0.01 −0.12 0.20 1.00

Co 0.07 0.52
**

0.51
** 0.19 0.058

**
0.462

**
0.48
**

0.53
**

0.53
**

0.54
** 0.27 * −0.42

** −0.07 −0.12 −0.34
* −0.22 1.00

Cu 0.13 −0.11 −0.10 −0.20 −0.09 −0.13 −0.11 −0.14 −0.03 −0.04 0.05 −0.11 0.01 −0.19 0.17 −0.12 −0.01 1.00

Fe 0.12 0.41
**

0.40
** 0.21 0.50

**
0.322

*
0.035

**
0.43
**

0.53
**

0.50
** 0.17 −0.32

* −0.01 −0.16 −0.41
** −0.15 0.90

** −0.02 1.00

Pb 0.20 0.06 0.09 −0.25 −0.05 0.12 0.13 0.04 −0.08 0.04 0.00 0.05 −0.02 −0.07 0.27 0.16 −0.16 0.46
** −0.16 1.00

Mn 0.18 0.19 0.19 0.04 0.15 0.20 0.19 0.18 0.15 0.28 * 0.33
**

−0.29
* −0.22 −0.10 −0.05 −0.15 0.44

** 0.31 * .40 ** 0.22 1.00

Ni 0.16 0.36
**

0.35
** 0.05 0.35

**
0.34
**

0.345
**

0.35
** 0.33 * 0.35

** 0.18 −0.21 −0.08 0.11 −0.02 −0.04 0.62
** −0.05 0.58

** −0.06 0.33
** 1.00

Zn 0.18 −0.07 −0.07 0.22 −0.10 −0.06 −0.07 −0.07 −0.06 −0.01 0.09 −0.03 −0.09 0.33 * 0.30 * −0.20 0.08 0.26 * 0.09 0.22 0.33
** 0.24

See footnote of Table 1. * Correlation is significant at the 0.05 level. ** Correlation is significant at the 0.01 level.
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The correlations between metals were generally consistent across the two study sea-
sons. Among the metals analyzed, Cr did not show any significant correlation with other
metals. The Pb content demonstrated a highly significant positive correlation with Cu but
only weak correlations with the remaining metals. Similarly, Zn showed significant positive
correlations with Mn (p < 0.01) and Cu (p < 0.05), while showed weak correlations with the
other metals. Four metals, including Co, Fe, Mn, and Ni displayed significant to highly
significant positive correlations among each other. Additionally, Cu content exhibited
significant positive correlations with both Mn and Zn.

3.4. Potential Sources of Metals in Soils

The results of the principal component analysis (PCA) (Table 4) revealed that seven
PCs with eigenvalues above 1.0 explained 77.09 and 84.29% of the total variance in the wet
and dry seasons, respectively. The PC1 represented 22.43 and 32.61% of the total variance
in the wet and dry seasons, respectively. This PC was strongly correlated to EC, Na+,
Mg2+, Cl−, and ESP in the wet season. In the dry season, these indicators in addition
Ca2+, SO4

2−, and HCO3
− were highly correlated to PC1. PC2 with high loadings of Co,

Fe, and Ni explained 11.94 and 12.50% of the total variance in the wet and dry seasons,
respectively. PC3 was strongly correlated with sand (positive) and clay (negative) and
responsible for 9.23 and 9.18% of the total variance in the wet and dry seasons, respectively.
PC4 represented 8.97% of the total variance and was dominated by Cu and Pb in the wet
season. This PC with a variance of 8.27% was highly correlated with Pb and Zn in the dry
season. PC5 explained 8.79 and 7.64% of the total variance in the wet and dry seasons,
respectively. This PC was highly correlated to Ca2+ and SO4

2− in the wet season, while to
silt (negative) and Cu (positive) in the dry season. PC6 accounted for 8.33% of the total
variance and was dominated by K+ (positive) and HCO3

− (negative) in the wet season;
meanwhile, this PC with a variance of 7.19% was highly correlated with only K+ in the dry
season. PC7 accounted for 7.39 and 6.90% of the total variance in the wet and dry seasons,
respectively. This PC was highly correlated with OM and Cr in the wet season but with
OM only in the dry season.

Table 4. Varimax rotated component matrix of the studied soil properties.

Parameter
Wet Season

Parameter
Dry Season

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC1 PC2 PC3 PC4 PC5 PC6 PC7
Eigenvalue 5.16 2.75 2.12 2.06 2.02 1.92 1.70 Eigenvalue 7.50 2.88 2.11 1.90 1.76 1.65 1.59
Variance, % 22.43 11.94 9.23 8.97 8.79 8.33 7.39 Variance, % 32.61 12.50 9.18 8.27 7.64 7.19 6.90

Cumulative, % 22.43 34.37 43.60 52.57 61.36 69.69 77.09 Cumulative, % 32.61 45.11 54.29 62.56 70.20 77.39 84.29

Indicator Eigenvectors Indicator Eigenvectors

pH 0.27 0.22 −0.10 0.16 −0.33 0.57 −0.22 pH −0.17 0.41 0.36 0.25 −0.12 0.03 0.05
EC 0.96 0.19 0.08 −0.06 0.12 0.12 −0.02 EC 0.99 0.12 0.01 −0.01 0.02 0.05 0.00

Na+ 0.96 0.19 0.06 −0.02 −0.02 0.10 −0.02 Na+ 0.99 0.10 0.01 0.02 0.02 0.02 0.00
K+ 0.00 −0.08 0.07 −0.03 0.42 0.69 0.11 K+ 0.11 0.01 0.06 0.05 −0.06 0.91 0.17

Ca2+ 0.56 0.04 0.00 −0.07 0.67 0.10 −0.01 Ca2+ 0.85 0.23 −0.03 −0.27 0.10 0.20 0.01
Mg2+ 0.70 0.22 0.18 −0.21 0.33 0.07 −0.08 Mg2+ 0.97 0.03 0.05 0.12 −0.04 −0.07 0.01
Cl− 0.96 0.20 0.09 −0.05 −0.04 0.13 −0.03 Cl− 0.98 0.06 0.06 0.07 0.01 −0.01 −0.02

SO4
2− 0.00 −0.03 −0.05 −0.05 0.91 −0.04 0.00 SO4

2− 0.99 0.08 0.02 −0.01 −0.03 0.05 0.01
HCO3− −0.13 −0.21 −0.03 0.32 0.24 −0.72 0.13 HCO3− 0.61 0.36 −0.19 −0.35 0.13 0.28 0.06

ESP 0.93 0.23 0.09 0.08 −0.01 0.05 0.04 ESP 0.89 0.18 −0.06 −0.04 0.22 0.17 −0.11
Sand 0.21 0.15 0.94 0.05 0.05 0.01 −0.16 Sand 0.18 0.12 0.91 0.00 0.32 −0.07 0.04
Silt −0.30 −0.19 −0.36 −0.14 −0.27 −0.17 0.43 Silt −0.40 −0.13 −0.28 0.10 −0.67 0.18 0.04

Clay −0.07 −0.06 −0.93 0.02 0.10 0.08 −0.06 Clay 0.07 −0.05 −0.93 −0.07 0.08 −0.05 −0.08
SOM −0.11 0.07 0.06 −0.18 −0.22 −0.03 −0.68 SOM −0.02 −0.17 0.08 0.00 −0.11 0.01 0.85

CaCO3 −0.32 −0.17 0.29 0.24 −0.19 −0.52 0.18 CaCO3 −0.42 −0.03 0.27 0.29 −0.08 −0.55 0.36
Cr −0.11 0.01 0.00 −0.19 −0.14 −0.17 0.82 Cr −0.17 −0.11 −0.01 0.08 −0.56 −0.30 −0.58
Co 0.35 0.80 0.17 −0.09 0.03 0.27 −0.13 Co 0.38 0.80 0.09 −0.21 0.20 0.07 −0.12
Cu −0.08 −0.01 −0.08 0.76 0.02 −0.12 −0.09 Cu −0.25 0.03 −0.06 0.37 0.73 −0.02 −0.11
Fe 0.36 0.82 0.03 −0.05 0.00 0.24 −0.07 Fe 0.16 0.85 −0.01 −0.21 0.12 0.18 −0.27
Pb −0.01 −0.22 0.07 0.73 −0.19 0.06 0.35 Pb 0.11 −0.23 0.03 0.86 0.14 −0.12 −0.06
Mn 0.11 0.54 0.22 0.57 0.14 −0.03 −0.08 Mn 0.12 0.47 0.17 0.43 0.41 0.15 −0.01
Ni 0.24 0.78 0.05 0.06 −0.08 −0.07 0.01 Ni 0.25 0.80 0.09 0.08 −0.04 −0.21 0.13
Zn −0.16 0.27 0.07 0.51 −0.13 −0.24 −0.24 Zn −0.16 0.31 0.15 0.61 0.04 0.34 0.46

See footnote of Table 1. Boldface numbers indicate strong positive loadings (>0.6).
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3.5. Spatial Variability of Soil Properties and Heavy Metals

The soil properties spatial distribution and metal contents are depicted through semi-
variograms (Figures S1 and S2) and their parameters in Table 5. The cross-validation of
semivariogram models (Figures S3 and S4) indicated good correlations between the pre-
dicted and measured values for all the studied parameters. The prediction errors (Table 5)
demonstrated that ME and MSE for all the applied OK models were close to zero, while
the RMSSE values were close to unity. Moreover, the values of RMSE and ASE for each of
the applied models were similar.

Table 5. Semivariogram parameters of the best-fitted ordinary kriging models.

Variable Season Model Nugget Partial
Sill Sill Nugget/

Sill SPD Range,
km

Prediction Error

ME RMSE MSE RMSSE ASE

pH Wet Exponential 0.04 0.05 0.09 0.42 Moderate 14.20 0.00 0.24 0.00 0.98 0.25
Dry Hole effect 0.01 0.07 0.08 0.13 Strong 2.98 0.00 0.37 0.01 1.16 0.32

EC
Wet Exponential 0.24 0.58 0.82 0.29 Moderate 37.13 0.01 0.66 0.01 1.04 0.62
Dry Hole effect 1.69 0.34 2.02 0.83 Weak 4.94 0.02 1.49 0.01 0.96 1.54

ESP
Wet K-Bessel 0.92 1.29 2.22 0.42 Moderate 35.84 0.00 1.05 0.01 1.03 1.02
Dry Exponential 0.85 0.78 1.63 0.52 Moderate 37.13 0.01 1.03 0.00 0.99 1.05

OM
Wet Tetraspherical 0.17 0.02 0.18 0.91 Weak 6.40 0.00 0.45 0.01 1.02 0.44
Dry Exponential 0.31 0.31 0.62 0.51 Moderate 37.13 0.01 0.73 0.01 1.13 0.64

Sand

All

J-Bessel 2.49 2.98 5.47 0.46 Moderate 20.56 −0.01 1.97 0.00 1.11 1.74
Silt Exponential 0.07 0.49 0.56 0.13 Strong 11.23 0.05 9.19 0.05 1.09 9.97

Clay Gaussian 1.84 1.80 3.65 0.51 Moderate 12.42 0.02 1.61 0.01 1.06 1.52
CaCO3 J-Bessel 0.03 0.03 0.06 0.52 Moderate 37.13 0.06 1.81 0.04 1.28 1.34

Cr
Wet Tetraspherical 0.01 0.02 0.03 0.37 Moderate 10.17 0.00 0.15 0.00 1.01 0.15
Dry K-Bessel 0.02 0.03 0.05 0.43 Moderate 7.81 0.00 0.17 0.00 1.01 0.18

Co
Wet Gaussian 0.00 0.00 0.00 0.69 Moderate 9.06 0.00 0.01 0.01 0.97 0.01
Dry K-Bessel 0.00 0.00 0.00 0.92 Weak 4.21 0.00 0.01 0.00 1.01 0.01

Cu
Wet Rational

Quadratic 0.04 0.22 0.27 0.17 Strong 5.59 0.00 0.53 0.00 1.11 0.46

Dry Hole Effect 0.16 0.22 0.38 0.42 Moderate 6.27 0.00 0.66 0.00 1.16 0.55

Fe
Wet Gaussian 0.88 0.43 1.32 0.67 Moderate 26.79 0.00 0.95 0.00 1.00 0.99
Dry Gaussian 1.32 0.65 1.97 0.67 Moderate 26.79 0.00 1.17 0.00 1.00 1.21

Pb
Wet J-Bessel 0.00 0.00 0.00 0.79 Weak 2.31 0.00 0.02 0.03 0.85 0.03
Dry Exponential 0.00 0.00 0.00 0.59 Moderate 3.21 0.00 0.02 0.00 0.83 0.03

Mn
Wet Exponential 0.13 0.14 0.27 0.49 Moderate 37.57 0.00 0.45 0.00 1.10 0.41
Dry Circular 0.21 0.26 0.47 0.44 Moderate 37.57 0.00 0.55 0.00 1.10 0.50

Ni
Wet Gaussian 0.00 0.00 0.00 0.75 Weak 4.07 0.00 0.02 0.01 1.07 0.02
Dry Gaussian 0.00 0.00 0.00 0.79 Weak 4.21 0.00 0.03 0.01 1.06 0.03

Zn
Wet Exponential 0.00 0.01 0.01 0.30 Moderate 5.62 0.00 0.11 0.02 1.08 0.10
Dry Exponential 0.01 0.01 0.02 0.32 Moderate 5.53 0.00 0.13 0.02 1.08 0.12

SPD, spatial dependence; ME, mean error; RMSE, root mean square error; MSE, mean standardized error; RMSSE;
root mean square standardized error; ASE, average standardized error.

As given in Table 5, the best-fitted semivariogram models applied in the current work
achieved positive nugget and sill values. The spatial dependency of data are delineated
through the nugget to sill ratio. The spatial correlation is considered as strong, moderate,
and low when the nugget/sill ratio is below 0.25, 0.25 to 0.75, and higher than 0.75,
respectively [17]. Accordingly, the soil pH (in the dry season) and silt content showed a
strong spatial correlation, while EC (in the dry season) and OM content (in the wet season)
had a weak spatial correlation. The remaining attributes had a moderate spatial correlation.
For HMs, Cu (in the wet season) showed a strong spatial correlation; meanwhile, Co (in
the dry season), Pb (in the wet season), and Ni (in the two seasons) had a weak spatial
correlation. The remaining metals displayed a moderate spatial correlation during the wet
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and dry seasons. The ranges of semi-variograms varied considerably from 2.13 km for Pb
content in the wet season to 37.57 km for Mn content in the wet and dry seasons.

As shown in Figure 3, in the wet season, the soil pH was high in the northern parts of
the studied area. In contrast, in the dry season, the highest pH level was mainly visible
in the southern parts. The highest EC and ESP levels during the two seasons were mainly
visible in the northern parts and tended to decrease southwards. The highest OM content
in the wet season was mainly visible in small areas in the northwestern and southeastern
parts. On the other hand, OM content was high in the central parts in the dry season. The
sand content in the central parts was lower than in other parts of the region, while the clay
and silt contents in the central parts were higher than in other parts. The highest CaCO3

content was mainly observed in the northeastern and southern parts.
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The concentrations of each metal displayed a similar spatial pattern during the two
seasons of study as shown in Figure 4. The concentrations of Co, Fe, and Ni were mainly
high in the northern parts and tended to decrease southwards. The highest concentrations
of Pb and Zn were mainly found in scattered patches in the northern, central, and southern
parts. Areas with high Cr concentrations were primarily visible in the central parts. The
highest concentrations of Mn were predominantly observed in the northern and southern
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parts of the study area. Similarly, elevated levels of Cu were primarily detected in the
northeastern and southwestern areas.
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4. Discussion
4.1. Seasonal Variability of Soil Properties and Metal Bioavailability

The arid regions undergo drastic seasonal fluctuations in temperature, PET, and
rainfall, resulting in substantial impacts on salt dynamics in soils [37]. The irregular rainfall
during the winter might cause partial leaching and downward migration of dissolved ions,
leading to relatively lower levels in topsoil [38]. The higher PET in the summer exacerbates
the capillary rise and increases the seepage of salt ions to the surface layers [39]. This leads
to a significant build-up in soil salinity in the dry season compared with the wet season.
The significant decline in soil pH in the dry season might be due to the increase in SO4

2−

level [40]. The remarkable increase in soil OM in the dry season could be attributed to
submerged conditions during rice cultivation periods that retards the decomposition of
organic carbon [41]. The significant increases in the contents of Mn, Ni, and Zn in the dry
season affirm the changing bioavailability of HMs in the studied region. Such seasonal
fluctuations also indicate metal-specific differences [42].

4.2. Metal Associations in Soils

The correlation results highlight the significant influence of soil properties on metal
behaviors. As supported by previous studies [2,9,30], HMs are often immobilized with
increasing soil pH, and in the studied soils, pH rises increased metal availability, particularly
affecting Co and Fe during the wet season. The increase in pH enhances the negative
charges on soil colloids, thereby improving the soil’s ability to retain alkali and alkaline
earth cations [5]. These cations often compete with cationic HMs for sorption sites [25],
resulting in greater metal release into the soil. At pH levels above 7, free metal ions tend
to form soluble complexes with inorganic anions such as chloride (Cl−), sulfate (SO4

2−),
and bicarbonate (HCO3

−) [43]. These observations could explain the positive relationships
observed between Co, Fe, and Ni with major salt ions in the studied soils. Conversely,
an increase in negatively charged sites may restrict the adsorption of CrO4

2− due to the
electrostatic repulsion or competition with OH− for the adsorption sites [44]. This process
promotes the precipitation of Cr rather than its adsorption onto soil colloids.

The positive correlations between Co and Mn with sand content suggest that these
metals were bound to heavy minerals (with strong sorption capacity to metal ions) of
sand. Mostafa, El-Nady [45] reported that heavy minerals in the sandy beach along the
Mediterranean Sea coastline near Arish City, Egypt, serve as a sinks and sources of metal
contaminants. This interpretation is further supported by the negative correlations ob-
served between Co, Fe, and Mn with silt content. On the other hand, the positive correlation
between Cr and silt suggests the presence of Mn-oxides within the silt-sized aggregates.
High Cr availability is often associated with active Mn-oxides, which facilitate the oxidiza-
tion of stable Cr (III) to labile Cr (VI) as described in the following Equation (4) [46]:

Cr(OH)3(s) + 1.5MnO2 + 2H+ → HCrO−
4 + 1.5Mn2+ + 2H2O (4)

The positive correlation between soil OM and Zn indicates the presence of organic
ligands capable of binding to cationic metals and forming soluble complexes [43]. Con-
versely, the negative correlation with Cr may indicate that high levels of soil OM enhance
microbial activity and render reductive conditions. These conditions indirectly facilitate
the biological reduction of labile Cr (VI) to stable Cr (III) as described in the following
Equation (5) [47]:

CrO−
4 + 4H2O + 3e− → Cr(OH)3 + 5OH− (5)
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The negative influence of CaCO3 on the availability of Co and Fe, suggests the forma-
tion of insoluble carbonates [48]. In contrast, the positive correlations with Pb and Zn may
be attributed to the forming of weak outer-sphere complexes on the surface of calcite [5].

The inter-metal correlations revealed that the geochemical behavior of Cr in soils
differs significantly from those of the remaining metals. In natural systems, Cr exists in two
stable valence states, i.e., Cr (III) cations or Cr (VI) oxyanions, with the latter being more
available and toxic [44]. The strong correlations among cationic metals indicate a common
source or similar geochemical behavior in soils [49]. Positive associations between geogenic
metals such as Co, Fe, Mn, and Ni have been reported in similar ecological conditions in
Egypt [50].

4.3. Potential Metal Contamination Sources

Due to the high level of human activities in the studied region, the correlation results
are not enough to identify potential sources of soil contaminants [12]. Therefore, the PCA
was recognized as a powerful tool for detecting potential origins of metal pollutants in
ecosystems [30,51]. In the current study, seven PCs were identified, reflecting possible
sources and controlling mechanisms during the two studied seasons.

PC1 could represent abundant soluble evaporite minerals, which are common in the
marine ecosystems of Egypt [52]. Major ions in the wet season were probably derived from
halite (NaCl) and bischofite (MgCl2.6H2O). The seawater intrusion during the dry season
might accelerate the contribution of further salts such as calcium chloride (CaCl2), nahcolite
(NaHCO3), and thenardite (Na2SO4) [20]. The strong positive associations of Ca2+ and
SO4

2− with PC5 during the wet season suggest the dissolution of less soluble sulfate-rich
minerals such as gypsum (CaSO4.2H2O) and anhydrite (CaSO4) [52].

PC2 with strong associations of Co, Fe, and Ni in both seasons, may reflect the presence
of labile ferromagnesian minerals [53]. Moreover, as Cr is an immobile and rock-forming
element, its occurrence in soils is directly related to mafic and ultramafic rocks [54]. Thus,
the strong association of Cr with PC7 during the wet season is likely due to the increased
dissolution of Cr-bearing phases, i.e., serpentinites, metasediments, and talc-carbonates [55].
Conversely, the strong association of soil OM with PC7 in the dry season may indicate the
influence of organic fertilizers [56]. Furthermore, Cu, Pb, and Zn are rarely associated with
a particular bedrock type [55]. Therefore, the strong correlations of these metals with PC4
(in both seasons) and PC5 (in the dry season) may point to agrochemical sources, such as
fertilizers and pesticides.

The contribution of Quaternary formations, which dominate the study area [57] was
manifested by PC3 and PC6. The positive loading of sand with PC3 is associated with
sandstone deposits, while the negative loading of clay to the same PC implies that its
origin was completely different from that of sand [53]. The strong association of K with
PC6 may indicate the release of K from potash feldspars as described in the following
Equation (6) [58]:

KAlSi3O8 + H2O
Hydrolysis−−−−−−→ HAlSi3O8 + KOH (6)

The negative correlation of HCO3
− with PC6 during the wet season may reflect the

contribution of calcite minerals. Normally, rainwater containing dissolved CO2 can react
with insoluble CaCO3, forming soluble Ca (HCO3)2 [59].

4.4. Spatial Variability of Soil Properties and HMs

The OK models employed in this study demonstrated reliable predictive accuracy for
the unsampled sites. This assumption was affirmed through prediction errors since minimal
values for ME and MSE in addition to an ideal value for RMSSE occurred. Moreover, ASE
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and RMSE for each of the applied models were similar [32]. On the one hand, values of
ME and MSE close to zero indicate that the applied OK model could provide unbiased
prediction. On the other hand, ME > 0 or <0 underestimate or overestimate of data
variability, respectively [15]. The RMSSE values close to 1 indicate high robust prediction
accuracy for the selected models [32].

The semivariogram parameters, including nugget, sill, range, and nugget/sill ra-
tio portray the spatial structure of soil attributes. The random and general variance of
spatial parameters is expressed by nugget effect and sill value, respectively [16]. Thus,
achieving semivariogram sill values implies that soil data have a spatial structure [60]. The
nugget/sill ratio depicts the level of spatial autocorrelation of a soil property [17]. The weak
level indicates the substantial impact of stochastic processes like irrigation, fertilization,
and cropping patterns on geographic variability. The strong level reveals that natural
factors such as climate, soil minerals, and terrain are the primary drivers for geographic
variability [61]. The moderate level, in turn, reflects the mutual influence of intrinsic as
well as extrinsic causes.

The semivariogram range points to extreme interval of correlation among sampling
locations, where high and low range values indicate large and small-scale variabilities,
respectively [60]. At regional scales, the high range indicates a potent dual impact of
intrinsic and extrinsic factors [17]. Thus, interactions of natural and stochastic processes
were more evident for Mn but less important for Pb, which had the largest and lowest
range, respectively. Dad and Ul Shafiq [17], reported that the semivariogram range also
determines proper sampling density, which should be lower than half of this range. These
advocates carrying out further trials in the studied region adopting sampling distances of
nearly 4, 2, 3, 13, 1, 19, 2, and 3 km for Co, Cr, Cu, Fe, Pb, Mn, Ni, and Zn, respectively.

The kriged maps provided additional insights into the primary mechanisms and
factors affecting metal bioavailability in soils. Concentrations of Co, Fe, and Mn tended to
increase seaward following the distributions of pH (in the wet season), EC, and ESP. This
suggests that adsorption–desorption processes and complexation with inorganic ligands
were the dominant reactions controlling these metals [24]. In contrast, the distributions of
Cr and silt were similar and differed from those of OM and pH (during the wet season).
Thus, Cr availability might be exclusively regulated by redox reactions dependent on active
Mn oxides and OM [54]. The highest Mn concentrations were observed in areas with
high sand content but low silt and clay, implies that dissolution–precipitation reactions
might govern the reactivity of Mn-bearing minerals, which often occur as small nodules on
sand particles [62]. The spatial distributions of Cu, Pb, and Zn closely resembled that of
CaCO3, indicating that these metals were bound to carbonate minerals through non-specific
adsorption (or ion exchange) reactions [9].

5. Conclusions
This study demonstrates the complex and dynamic interactions between soil properties

and HM bioavailability, with a focus on wetting–drying cycles and spatial variability
in coastal salt-affected soils under arid conditions. The drastic seasonal fluctuations in
temperature, PET, and rainfall significantly influence soil properties (pH, EC, OM, and
soluble ions), which in turn impact metal behaviour and availability. Seasonal changes
resulted in pronounced differences in HMs bioavailability, with metals such as Mn, Ni, and
Zn becoming more bioavailable in the dry season.

The pH rise during the wet season enhances metal availability by increasing negative
charges on soil colloids, which affects the sorption Co, Fe, and Ni. Conversely, elevated
levels of OM in the dry season can influence the binding of Zn through organic ligands,
while promoting the reduction of Cr (VI) to the more stable and less toxic Cr (III) in
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reductive environments. This study also illustrates how Co and Mn are associated with
heavy minerals in sandy soils, while Cr availability is associated with Mn-oxide activity in
silt-sized aggregates.

Spatial variability revealed that both natural factors (soil minerals and climate) and
anthropogenic activities (irrigation and fertilization) drive the distribution of HMs across
the landscape. The spatial structure of soil data indicates that the interaction between
intrinsic (natural) and extrinsic (human-induced) factors controls metal variability. Co,
Fe, and Mn tend to follow the distribution of pH, salinity, and sodicity, indicating that
adsorption–desorption and complexation reactions with inorganic ligands are key pro-
cesses regulating their behaviours. In contrast, Cr’s unique geochemical behaviours is
primarily governed by redox reactions involving Mn-oxides and organic matter. The spatial
distribution of Cu, Pb, and Zn is closely associated with carbonate minerals, suggesting
non-specific adsorption and ion exchange as primary mechanisms.

Overall, this study underscores the importance of understanding both seasonal and
spatial variability when assessing HMs contamination in soils. These results highlight
the need for adaptive management strategies that consider dynamic conditions and geo-
chemical processes affecting HMs behaviour to mitigate potential risks. The current study
indicates that the high levels of metal contaminants in coastal salt-affected soils impose
additional limitations, particularly during the dry season, which should be considered
when restoring these soils. However, further studies are essential to expand the conclusions
of this study to other environmental conditions.
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