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Potentially toxic elements (PTEs) in agricultural soils threaten food security and
human health, particularly in semi-arid regions where intensive agriculture and
limited water resources amplify contamination risks. This study addresses critical
knowledge gaps by evaluating PTE distribution, sources, and ecological risks
across five representative soil types in north-central Morocco, a region
characterized by exceptional pedological diversity including Luvic Phaeozems,
Haplic Calcisols, Chromic Luvisols, Vertisols, and Calcic Kastanozems. Unlike
conventional regional assessments that apply uniform thresholds, we integrate
soil-type-specific analysis to reveal how pedological properties fundamentally
control PTE behavior and risk patterns. Fifteen soil samples from 20 horizons
across representative pedons and five bedrock samples were analyzed using
ICP-OES to quantify nine PTEs (As, Cd, Cu, Mn, Ba, Pb, Sr, Ti, Zn), alongside
physicochemical properties (pH, electrical conductivity, organic carbon, texture,
cation exchange capacity) to elucidate their influence on metal mobility.
Distribution Index, Enrichment Factor, Transfer Factor, and Potential Ecological
Risk Index distinguished contamination sources and quantified risks, while
Principal Component Analysis identified geochemical associations. Results
reveal pronounced soil-type dependency. Luvic Phaeozem exhibited highest
contamination, with Cd, As, and Pb exceeding WHO/FAO thresholds and very
high ecological risk (PERI>1100). Cd emerged as most mobile, correlating with
acidic pH and organic matter. Clay content strongly controlled retention.
Multivariate analysis identified anthropogenic contamination with clay
retention and carbonate buffering as two main geochemical associations.
Principal Component Analysis effectively separated soil types, clustering Luvic
Phaeozems and Calcic Kastanozems due to high contamination and retention
capacity and isolating Haplic Calcisols and Vertisols for their carbonate and clay-
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driven buffering behavior. These findings emphasize the necessity of integrating
soil typology into risk assessments and recommend targeted bioremediation and
soil-type-informed agricultural management to mitigate PTE risks and promote
sustainable land use in semi-arid Moroccan agricultural systems.

metal contamination, soil typology, vertical distribution, ecological risk assessment,

semi-arid agriculture

Introduction

Soil contamination by potentially toxic elements (PTEs) has
become a critical environmental issue, especially in regions with
intensive agricultural practices. This contamination presents serious
threats due to the persistent nature, bioaccumulation potential, and
inherent toxicity of elements such as arsenic (As), cadmium (Cd),
lead (Pb), copper (Cu), zinc (Zn), manganese (Mn), barium (Ba)
and strontium (Sr) (1, 2). These contaminants adversely affect
agricultural productivity and food safety by impairing plant
physiology, degrading soil fertility, and entering human food
chains, which raises critical public health concerns (3, 4).

Health effects from exposure to PTEs through contaminated
food consumption can include severe conditions such as kidney
damage, cardiovascular disorders, neurological impairment, and an
increased risk of cancer. Specifically, Cd is associated to kidney
dysfunction and bone disorders. As exposure is linked to skin
lesions and carcinogenesis, and Pb poses risks of neurological
impairments, particularly affecting children’s cognitive
development (5, 6). Given these serious health implications,
identifying contamination sources becomes essential for effective
risk management. Previous studies have identified both natural
sources, such as geological weathering and soil formation processes,
and anthropogenic sources, particularly agricultural inputs, mining,
and industrial emissions, as primary contributors to soil PTE
contamination (7, 8).

Morocco presents a unique setting to examine PTE contamination
dynamics, due to its diverse semi-arid agroecosystems. Its varied
pedological contexts, including Phaeozem, Calcisols, Luvisol, Vertisol,
and Kastanozem soils, strongly influence the fate and transport of PTEs
through mechanisms such as adsorption, precipitation, and
complexation (9, 10). In the north-central part of the country, recent
investigations have reported significant accumulation of PTEs in
agricultural soils related to irrigation with wastewater and long-term
cultivation (11-15). However, despite numerous studies on PTE
contamination, significant knowledge gaps persist in semi-arid
agroecosystems. These include the lack of vertical profiling to assess
PTE distribution across soil horizons, limited integration of
geochemical indices with soil typology, and insufficient
understanding of how specific soil properties control PTE behavior
and ecological risk. While most studies in Morocco have focused on
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heavily contaminated mining sites, agricultural soils remain
understudied, despite their importance for food security and
environmental health.

This study addresses these gaps by testing three specific
hypotheses: (1) PTE contamination within the same locality
varies significantly according to soil type, reflecting distinct
pedological properties and retention capacities; (2) soil carbonate
content correlates positively with PTE retention in calcareous
horizons, while clay content and organic matter differentially
control vertical mobility between topsoil and subsoil layers; and
(3) integrating pedological variability with contamination indices
enables more accurate risk assessment than conventional
approaches that treat all soils uniformly. Given the distinct
physicochemical properties of each soil type, variations in
retention mechanisms, redox buffering capacity, and the
interaction between geogenic and anthropogenic inputs are
anticipated to influence contaminant behavior across horizons.

This study aims to evaluate the vertical distribution, determine
the geochemical origins (natural versus anthropogenic), and quantify
the ecological and human health risks associated with nine PTEs in
representative soil types in the semi-arid region of north-central
Morocco. The originality of this work lies in coupling soil-type-
specific vertical profiling with contamination indices; an approach
rarely applied to agricultural soils in semi-arid zones. By employing
total elemental analysis, geochemical indices (Enrichment Factor,
Distribution Index, Transfer Factor, and Potential Ecological Risk
Index), and Principal Component Analysis (PCA), the study seeks to:
(1) characterize contamination profiles and assess ecological risks
within different soil horizons; (2) separate and quantify natural versus
anthropogenic contributions; and (3) elucidate how pedological
parameters influence the behavior and distribution of PTEs. These
findings will provide essential insights for targeted contamination
management strategies and improved agricultural sustainability.

2 Materials and methods

The following methods were designed to comprehensively
characterize PTE distribution across diverse soil types, distinguish
contamination sources, and assess associated ecological risks. The
methodology integrates field sampling, laboratory analysis,
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geochemical indexing, and statistical techniques to test the
hypotheses outlined above and address the research objectives.

2.1 Site description

The study was conducted across three distinct agroecological
zones in central Morocco: Beni Amir, Kenitra, and El Jadida. These
regions represent varied geological and agricultural conditions,
allowing for a representative assessment of dominant soil types
(Figure 1). Beni Amir, located in the Tadla Plain, experiences a
semi-arid to warm Mediterranean climate with an average
temperature of 20°C and annual rainfall of 430 mm, decreasing
westward from the Atlas mountains (16, 17). The area is
geologically composed of heterogeneous Mio-Pliocene and
Quaternary deposits within a synclinal depression. The region
supports irrigated agriculture, including oranges, olives, and
sugarcane, with water sourced from the Oum Er Rbia River (11,
16, 18). Kenitra, on the Gharb Plain, features a subhumid climate
with an annual rainfall of 718.6 mm and temperatures between
12.8°C and 22.4°C, with peaks in December (19, 20). Its geology
includes Paleozoic sedimentary and metamorphic rocks overlain by
Triassic red clays, Jurassic-Cretaceous dolomites, and Miocene blue
marls, forming deep aquifers (20). Land use in this area is
dominated by the cultivation of cereals, olives, and sugar beets,
although environmental risks persist due to nearby unmanaged
landfills. El Jadida, part of the Moroccan Meseta, has a

10.3389/fs0il.2025.1672832

Mediterranean climate moderated by oceanic influence, receiving
around 551 mm of rainfall annually. Seasonal temperatures range
from 12°C in winter to 23°C in summer. Geologically, the region
consists of tabular sedimentary layers from the Tertiary, Secondary,
and Quaternary resting on a folded basement (21).

2.2 Sampling procedures

Five representative soil profiles were selected based on
pedological diversity, agricultural land use, and accessibility
criteria. Site selection was guided by the Soil Atlas of Africa (22).
The selected soil types include Luvic Phaeozems (P1), Haplic
Calcisols (P2), Chromic Luvisols (P3), Vertisols (P4), and Calcic
Kastanozems (P5), representing the major pedogenetic variations in
the study region.

For each soil type, a single representative profile pit was
excavated down to the C-horizon for a detailed morphological
description and horizon-specific sampling. The spatial coordinates
of sampling locations were recorded using GPS (Table 1). Soil
horizons were distinguished based on field observations of color,
texture, structure, consistency, and boundary characteristics.
Horizon designation and classification were conducted according
to the World Reference Base for Soil Resources (23). Additionally,
bedrock samples (n=5, one per profile) were collected from the
underlying parent material to establish site-specific geochemical
baselines for contamination assessment.

s

Legend

Soil types

Haplic Calcisol
- Calcic Kastanozem
X7 chromic Luvisol
- Luvic Phaozem
[Z23 vertisol

|:| Other soil types

@ Soil profiles (P1, P2, P3, P4, P5)

FIGURE 1
Spatial distribution of the selected study sites in central Morocco.
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TABLE 1 A summary of description.

Pedon 1

Characteristic

Pedon 2

Pedon 3

Pedon 4

10.3389/fs0il.2025.1672832

Pedon 5

N32°30.7910° W 6°

N32°27.2381" W6°

N34°13.5892” W6°

N33°02.7239’ W8°

Coordinates N N N34°16.5086° W6°10.0848’ N N
56.1245 30.9618 18.5657 41.0476
Region Beni Amir Beni Amir Kenitra Kenitra El Jadida
Ouled Benaich, Sidi Yah; P .
Village Laachoub Souk Had Bradia ue eTgl}ierbl 1 rahya Kceiba,Sidi Slimane Laassara, Sidi Abed
Ap (0-18
A (0-24cm) A (0-20cm) p (0-18cm) A (0-40cm)
A (0-51 cm) Al (19-27cm)
X Bk1 (25-50cm) Bt1(21-59cm) K Bk1(41-71cm)
Horizons Bt (52-80 cm) Bil (28-73cm)
Bk2 (51-114cm) Bt2 60-103cm) _ Bk2(72-160cm)
C (81-200cm) Bi2 (74-101cm)
C (115-256¢m) C(104-190cm) C (160-300cm)
C (102-220 cm)
Soil type Luvic Phaeozems Haplic Calcisols Chromic Luvisols Vertisols Calcic Kastanozems

2.3 Sample preparation and laboratory
analysis

Soil samples were air-dried at room temperature, passed
through a 2-mm sieve to remove coarse fragments, and stored in
sealed polyethylene bags for subsequent analysis. Rock samples
were cleaned with deionized water, air-dried, and ground into fine
powder (<75 um) using a mortar grinder (Retsch RM 200, Retsch
GmbH, Germany) to ensure homogeneity before digestion.

2.3.1 Physicochemical properties

Soil pH and electrical conductivity (EC) were measured in 1:2.5
soil: water suspensions using SensION'"'-PH31 (Hach, USA) and
SevenDirect-SD30 (Mettler-Toledo, Switzerland), respectively.
Total organic carbon (TOC) was determined using an elemental
analyzer (Flash 2000, Thermo Scientific, USA). Particle size
distribution was analyzed using the hydrometer method (24) after
dispersion with a sodium hexametaphosphate solution (GPR
Rectapur®, 299%, VWR Chemicals, UK). Cation exchange
capacity (CEC) was determined by extracting soils with
ammonium acetate (purity 298.0%, ACS grade, Merck, Germany)
at pH 7.5 as detailed in (25). Calcium carbonate content was
determined using Bernard’s calcimeter method.

2.3.2 Elemental analysis

Total concentrations of As, Cd, Cu, Mn, Ba, Pb, Sr, Ti, and Zn in
soil and rock samples were quantified using Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES- Agilent 5800,
Agilent Technologies, USA). For digestion, 0.5 g of finely powdered
sample was treated with 3.5 mL aqua regia (1.5 mL HNOs3, 1.5 mL
HCI; 67-69% and 34-37%, respectively, Normatom® grade, VWR
Chemicals, France) and 0.5 mL hydrofluoric acid (HF > 99%, VWR
BDH Chemicals, UK), to ensure complete dissolution of silicate
minerals, following standard protocols for total metal extraction
(ISO 14869-1).

2.3.3 Quiality assurance and control
Quality assurance and control protocols included procedural
blanks, sample triplicates, and a certified phosphate rock reference
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material (BCR-03), analyzed with each batch. A subset of the total
samples was analyzed in triplicate to assess the precision of the
measurement procedure. Triplicate analysis of selected samples
yielded relative standard deviations (RSDs) below 5% for all
elements, confirming high analytical precision. Recovery rates for
PTEs in the reference material and 0.5 ppm internal control
standards ranged between 99% and 101%, demonstrating
excellent accuracy.

2.4 Data analysis

To evaluate the contamination levels, vertical mobility, and
ecological risks associated with PTEs in the studied soils, four
widely recognized geochemical indices were calculated:
Distribution Index (DI), Transfer Factor (TF), Enrichment Factor
(EF), and Potential Ecological Risk Index (PERI). These indices
were selected based on their widespread use in soil contamination
studies and their complementary insights into contamination
degree, source apportionment, vertical mobility, and ecological
impact, respectively (26, 27). Classification criteria for each index
are summarized in Table 2.

2.4.1 Distribution index

The Distribution Index (DI) measures the level of elemental
contamination by comparing the concentration of a trace element
in the soil sample to its respective concentration in the parent
material, which serves as a natural background reference. It offers a
relative measure of contamination at the profile scale (28) and is
calculated using Equation 1:

DI= “/q (1)

Where Cs represents the trace element concentration in the soil
sample, and Cb is the background concentration of the same
trace element.

2.4.2 Enrichment factor
The Enrichment Factor (EF) is used to differentiate between
natural and anthropogenic sources of soil PTEs (29). It was

04 frontiersin.org


https://doi.org/10.3389/fsoil.2025.1672832
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org

Ait Mansour et al.

TABLE 2 Classification criteria for contamination and ecological risk indices.

10.3389/fs0il.2025.1672832

TF EF

EF < 1.5: Natural source

(geogenic)

TF < 1: No enrichment (loss during
pedogenesis)
TF = 1: Equilibrium EF > 1.5: Anthropogenic source

TF > 1: Accumulation due to

Class PERI DI
1 PERI < 110: Low risk DI < 1: Low contamination (LC)
1< DI : Mo inati
2 110 < PERI < 220: Moderate risk < 3: Moderate contamination
(MC)
3 < DI < 6: Considerabl
3 220 < PERI < 440: Considerable risk < O Lonsiderable

contamination (CC)
4 440 < PERI < 880: High risk

5 PERI > 880: Very high risk

calculated using Equation 2:

EF [Cn /C,ef ] Sample

[C,, /C,ef ]Backgmund

where C, and C,.; were concentration of target PTE and

2

reference element, respectively. Ti was selected as the reference
element due to its geochemical stability, minimal anthropogenic
input, and association with resistant minerals (e.g., ilmenite, rutile)
that remain immobile during weathering (30).

2.4.3 Transfer factor

The Transfer Factor (TF) evaluates the redistribution of soil
PTEs between the parent material and the overlying soil horizon.
his assessment is essential for understanding whether soil-forming
processes lead to enrichment or depletion of these elements. The TF
is calculated using Equation 3, proposed by Acosta et al. (31):

- Xh/Xp

TF = 4 Toe 3)

Where Xh represents the metal concentration in the soil
horizon, X, represents the concentration of Ti in the same soil
horizon, Yy, is the concentration of the metal in the parent material,
and Yis the concentration of Ti in the parent material.

2.4.4 Potential ecological risk index

The Potential Ecological Risk Index (PERI) was used to evaluate
the ecological impact of PTE contamination, following the
framework initially proposed by Hakanson (28). This method
integrates both the contamination factor C} of each metal and its
corresponding toxic-response factor T,. The individual potential
ecological risk factor (Eri) and the overall PERI were calculated
using FEquations 4, 5:

E} = T} (4)

PERI= S E, =S T} (5)

In this study, the toxicity factors of As, Cd, Cu, Pb, Zn and Mn
were 10, 30, 5, 5, 1 and 1, respectively (32, 33). Since the group of
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DI > 6: High contamination (HC)

pedogenic processes

PTEs analyzed in this study differs from that in the original
Hakanson method, the adjusted ecological risk classification
proposed by Cai et al. (34) was adopted to ensure consistency
between the set of toxicity coefficients and the corresponding
classification thresholds (Table 2).

2.5 Statistical analysis

2.5.1 Profile-weighted mean calculation

The weighted mean concentration for each soil pedon was
calculated to account for varying horizon thickness using
Equation 6:

S (ci x di)
P

W = (6)

Where W is the weighted mean concentration (mgkg™), ¢; is
the element concentration in the horizon i (mgkg™); d; represents
the thickness of horizon i (cm), P is the total profile depth (cm), and
n is the number of horizons. This method weighs each horizon’s
concentration by its proportional contribution to the total profile
depth, providing a more accurate profile-scale estimate than
arithmetic means.

Descriptive statistics (minimum, maximum, mean, standard
deviation and coefficient of variation) characterized PTE
distributions, with normality assessed using Shapiro-Wilk tests (p
< 0.05). One-way ANOVA tested differences among horizons and
soil types with Tukey HSD post-hoc tests, while Kruskal-Wallis with
Dunn’s tests were used for non-normal data. Pearson correlation
coefficients quantified PTE-soil property relationships. Principal
Component Analysis (PCA) identified geochemical associations
using all PTEs and physicochemical properties for soil horizons.
Data were standardized using StandardScaler (scikit-learn 1.3.0,
Python 3.9) before analysis. Dataset suitability was validated using
Kaiser-Meyer-Olkin measure (KMO = 0.784, good adequacy) and
Bartlett’s test (3* = 186.3, df = 136, p < 0.001). Two components
retained (eigenvalues > 1) explained 81.13% total variance (PCl:
58.36%; PC2: 22.77%) (Table 3). All analyses used Python 3.9 with
pandas (2.0.3), numpy (1.24.3), scipy (1.11.1), scikit-learn (1.3.0),
matplotlib (3.7.2), and seaborn (0.12.2), with significance threshold
o = 0.05.
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TABLE 3 Principal component analysis validation metrics and variance
explained.

. Variance Cumulative
Component Eigenvalue (%) B (A
PC1 9.92 58.36 58.36
PC2 3.87 ‘ 22.77 81.13
PC3 112 ‘ 6.59 ‘ 78.72
PC4 0.89 ‘ 524 ‘ 92.96

3 Results and discussion

This section describes the analysis of PTEs in five Moroccan
soils, focusing on vertical distribution, sources, and ecological risks.
Concentrations by horizon and weighted means were used to
identify contamination patterns. Statistical tools (ANOVA,
Pearson correlation, PCA) helped relate PTE levels to soil
properties and validate geochemical indices.

10.3389/fs0il.2025.1672832

3.1 Distribution of potentially toxic
elements across pedons

The vertical distribution of PTEs within the studied pedons
(Figure 2) demonstrates significant variability influenced by soil types
and horizon depths. A comprehensive analysis of horizon-specific
concentrations, complemented by weighted mean values (Table 4),
allows for a detailed characterization of element distribution patterns
and facilitates the identification of potential contamination sources.

Notably, As shows pronounced surface enrichment, with
concentrations peaking at 18.5 mgkg" in the Ap horizon of
Luvic Phaeozems (P1) and reaching 21.46 mgkg" in Haplic
Calcisols (P2), substantially exceeding the FAO/WHO guideline
value of 10 mg-kg™" for agricultural soils. These values also exceed
previously reported concentrations for Moroccan soils (15). The
vertical range of As concentrations varies considerably among
pedons, from 12.10 mgkg™ in P1 to 15.74 mgkg ' in P2, with
statistical analysis revealing marginally non-significant differences
among pedons (F = 291, p = 0.077).

Potentially toxic elements

—e— As —e— Ba —e— Cd —e— Cu —e— Mn —e— Pb —e— Sr —e— Zn

P1 - Luvic Phaeozem

P2 - Haplic Calcisol

P3 - Chromic Luvisol
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Vertical profiles of potentially toxic elements across representative soil types (P1-P5) in central Morocco, with error bars indicating standard

deviation (n = 3).

Frontiers in Soil Science

06

frontiersin.org


https://doi.org/10.3389/fsoil.2025.1672832
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org

22U3I0S 1105 Ul SI913UOI

L0

640°UISISNUOY

TABLE 4 Descriptive statistics of potentially toxic element concentrations (mg-kg'l) in five representative pedons.

Pedon number Soil type Data type As Ba Cd Cu Mn Pb Sr Ti Zn
Min 6.43 64.77 4.39 6.78 76.51 3.14 42.92 341.16 27.31
Max 18.53 310.17 8.24 24.81 531.45 20.20 137.05 1745.68 130.63
P1 Luvic Phaeozems
Weighted Mean 10.98 160.68 5.90 13.99 243.40 9.39 76.14 878.84 63.84
Range 12.10 245.40 3.85 18.03 454.94 17.60 94.13 1404.52 103.32
Min 5.72 44.10 1.08 521 96.83 3.56 58.67 192.43 19.21
Max 21.46 189.80 1.95 11.27 204.77 7.53 113.72 1040.08 34.87
P2 Haplic Calcisols
Weighted Mean 15.24 79.42 1.62 6.13 115.92 4.30 72.68 411.36 21.97
Range 15.74 145.70 0.87 6.06 107.94 3.97 55.05 847.65 15.66
Min 8.59 43.54 1.02 423 29.65 2.86 9.53 587.38 7.38
Max 12.9 112.93 1.16 7.92 61.77 17.22 26.02 1319.04 26.00
P3 Chromic Luvisols
Weighted Mean 11.35 88.88 1.04 6.69 40.34 11.03 20.05 1081.55 17.66
Range 4.31 69.39 0.14 3.69 32.12 14.36 16.50 731.66 18.62
Min 10.40 49.61 0.98 3.66 29.65 4.24 12.44 416.62 10.20
Max 14.03 139.79 1.23 7.70 265.10 17.22 30.81 1319.04 32.17
P4 Vertisols
Weighted Mean 12.51 102.49 1.08 597 113.10 13.01 25.92 1069.24 2229
Range 3.63 90.18 0.25 4.04 235.45 12.89 18.37 902.42 2197
Min 8.90 44.28 1.02 4.77 82.53 4.04 245.58 351.81 16.16
Max 15.70 102.11 1.20 12.66 324.55 10.54 355.13 747.37 37.62
P5 Calcic Katsanozems
Weighted Mean 10.71 67.35 1.05 7.05 191.08 5.66 269.92 523.12 23.36
Range 6.80 57.83 0.18 7.89 242.02 6.50 109.55 395.56 21.46
F-statistic 291 5.42 114.25 10.16 7.35 7.33 170.68 130.96 12.00
P-value 0.077 0.014 <0.001 0.002 0.005 0.005 <0.001 <0.001 0.003
slgﬂlﬁCanCe ns * % ot ot *t % A Rk

*p < 0.05 (significant).
**p < 0.01 (highly significant).

***p < 0.001 (very highly significant).

ns, not significant (p = 0.05).
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Additionally, Cd concentrations in the Ap horizon of P1 reach
8.24 mgkg, surpassing the WHO safety threshold of 3 mgkg™
(35). When examining mean values, a stark disparity emerges: 5.90
mgkg ' in P1 compared to 1.62 mg-kg™" in P2 and 1.04 mgkg ' in
P3. The range of Cd variation is notably highest in P1 (3.85
mg-kg ') compared to minimal variation in P3 and P4 (0.14 and
0.25 mgkg ™', respectively), with ANOVA confirming highly
significant differences in Cd concentrations among pedons (F =
114.25, p < 0.001). These figures underscore P1 as the most affected
by Cd contamination, likely due to historical fertilizer use, a pattern
consistent with findings reported by El Fadili et al. (36). Cu and Pb
display similar vertical distribution patterns, with significant surface
enrichment in the Ap horizon of P1, where Cu concentrations reach
24.81 mgkg™ and Pb concentrations peak at 20.20 mg-kg™". These
concentrations remain below the WHO toxicity thresholds of 100
mgkg ™" for Cu and 50-100 mgkg " for Pb. The vertical ranges in
P1 are 18.03 mg-kg ' for Cuand 17.6 mg-kg™" for Pb, with statistical
analysis revealing significant differences among pedons for both Cu
(F =10.16, p = 0.002) and Pb (F = 7.33, p = 0.005), with P1 showing
significantly higher concentrations than other pedons.

Zn concentrations show also a complex distribution pattern in
P1, with maximum values of 130.63 mgkg ' observed in deeper
horizons (C horizon) rather than at the surface (27.3 mg-kg’1 in Ap
horizon), resulting in a vertical range of 103.32 mg-kg ', suggesting
both anthropogenic surface inputs and geogenic contributions at
depth. The weighted mean concentration in P1 (63.84 mgkg ")
remains below the WHO threshold of 300 mgkg . This dual
enrichment pattern indicates that while surface layers may receive
anthropogenic inputs, subsurface accumulation likely results
from natural pedogenic processes and parent material weathering
(F = 12.00, p = 0.003). Spearman correlation analysis confirmed
these vertical distribution patterns (Supplementary Table SI).
Concentrations of Cd, Cu, and Pb decreased significantly with
depth in P1 and P2 (p = -0.50 to -1.00, p < 0.05), consistent with
anthropogenic surface inputs. However, Pb showed soil-type-
specific behavior: while decreasing in P1 and P2, it increased
significantly with depth in P3 and P4 (p = 1.00, p < 0.01),
indicating pedogenic redistribution through clay illuviation.
Researchers commonly observe surface accumulation of these
elements globally, attributing it to agrochemical use and
atmospheric deposition, along with the influence of soil properties
and environmental conditions (37).

In contrast, Ba, Sr, and Ti exhibit distribution patterns that
suggest geogenic sources and pedogenic controls. For instance, Ba
concentrations consistently decrease with depth across all pedons,
reflecting limited mobility and primary mineral origins (38).
Statistical analysis confirms significant differences in Ba
distribution among pedons (F = 5.42, p = 0.014).

Conversely, Sr concentrations increase with depth, particularly
in carbonate-rich profiles. In P3, Sr rises from 9.53 mg-kg ™" at the
surface to 26.02 mg-kg ' in the C horizon (range: 16.50 mgkg™"),
suggesting a release from carbonate minerals (39). This depth-
related increase shows highly significant differences among soil
types (F = 170.68, p < 0.001), with P5 exhibiting the highest mean Sr
concentration at 269.92 mgkg ' and a vertical range of 109.55
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mg-kg'. This pattern correlates with carbonate distribution and
soil pH, supporting the hypothesis of Sr mobilization through
carbonate dissolution under the semi-arid conditions prevalent in
the study area.

Mn displays a variable distribution, showing enrichment in the
surface horizons of organic-rich soils (P1: weighted mean 243.40
mgkg !, range 454.94 mgkg ') while accumulating at greater
depths in clay-rich Vertisol (P4: weighted mean 113.10 mgkg ',
range 23545 mgkg ). This behavior likely results from redox
dynamics and mineral dissolution processes (F = 7.35, p = 0.005), as
documented by Rashed et al. (40). Ti shows highly significant
variation among pedons (F = 130.96, p < 0.001), with weighted
means ranging from 411.36 mg-kg ™" in P2 to 1081.55 mg-kg ' in P3,
and vertical ranges from 395.56 mg-kg™" in P5 to 1404.52 mg-kg ' in
P1, reflecting differences in parent material composition and clay
mineralogy rather than anthropogenic inputs.

These diverse vertical distribution behaviors highlight the
significant influence of soil physicochemical properties, especially
organic matter, carbonate, and clay content on the mobility and
retention of potentially toxic element. Similar geochemical controls
have been reported in other Moroccan agricultural soils (41, 42).

3.2 Relationships between PTEs and soil
properties

A comprehensive Pearson correlation analysis was performed to
quantify relationships between potentially toxic elements and soil
physicochemical properties (Figure 3). The correlation heatmap
reveals strong associations among several PTEs, particularly Zn, Cu,
Cd and Mn. Notably, high correlation coefficients were observed for
Zn-Cu (r = 0.96, p < 0.001), Zn-Cd (r = 0.96, p < 0.001), and Cu-Cd (r
=0.93, p <0.001). The consistent correlation between Mn, Cd, and Cu
(r =0.84 -0.88, p < 0.001) indicates that these elements exhibit similar
geochemical behavior. This inter-element co-variation reflects shared
retention mechanisms during pedogenic transformations, with these
metals showing comparable affinity for fine-textured soil fractions,
suggesting their accumulation is controlled by similar binding phases
such as clay minerals and oxides (43).

Soil texture exerts strong control on PTE distribution patterns.
Clay content shows strong positive correlations with several PTEs,
including Mn (r = 0.78), Zn (r = 0.86), Cu (r = 0.79), Cd (r = 0.81),
Pb (r = 0.74), and As (r = 0.70), reflecting the critical role of clay
minerals in metal retention through surface adsorption due to their
high surface area and charged particles (44, 45). Silt content also
correlates positively with most metals (r = 0.72-0.88), while sand
shows strong negative correlations (r = -0.68 to -0.98), confirming
that fine-textured soils favor metal accumulation. Notably, TOC
displays weak correlations with these elements (|r| < 0.2), indicating
that organic matter contributes minimally to their spatial
distribution compared to mineral phases. This contrasts with
other unpolluted soils where organic matter played a more
dominant role in metal retention (46, 47), suggesting that
carbonate content and clay mineralogy are the primary controls
in our semi-arid agricultural soils. Sr exhibits negligible correlations
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FIGURE 3

Pearson correlation heatmap between potentially toxic elements and soil physicochemical properties. Correlation coefficients are color-scaled from
-1 to +1. Significant correlations are marked: p < 0.05 (*); p < 0.01 (**); p < 0.001 (***); non-significant values are unmarked.

with PTEs but shows strong positive correlations with CaCO;
content (r = 0.82, p < 0.001) and pH (r = 0.76, p < 0.001),
consistent with conservative lithogenic behavior controlled by

carbonate dissolution (48, 49).

CEC shows only moderate relationships with most PTEs (r =
0.23-0.51), except for Sr (r=0.88), suggesting that cation-exchange
processes play a secondary role compared to specific adsorption on
clay and oxide surfaces. This indicates that metal retention is
primarily controlled by surface complexation on clay minerals
and oxides rather than simple electrostatic exchange mechanisms
(50). Similarly, pH shows negligible correlations with most PTEs (|r]
< 0.15), while CaCOj; exhibits only weak negative correlations with
metals (r = -0.16 to -0.35). This limited influence of pH and
carbonates suggests that under the prevailing alkaline conditions,

mineral surface interactions dominate over pH-dependent
precipitation processes, with metals predominantly immobilized
through stable adsorption complexes (9, 51).

3.3 Vertical stratification of trace elements
based on the distribution index

The distribution index (DI) identifies soil horizons enriched
with potentially toxic elements (Table 5), highlighting layers where
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plant roots may encounter elevated metal concentrations. In
Luvisols, the Ap and Bt horizons with DI values greater than 3
for Cd, Pb, and Zn coincide with the central root zone, posing a
significant risk for phytotoxicity. Studies in the Gharb plain region
have documented that such elevated concentrations in agricultural
soils exceed WHO/FAO limits and are associated with reduced
productivity in wheat, barley, and sugar beet, the main crops
cultivated in Kenitra (52, 53). High DI values in these surface
horizons can disrupt nutrient uptake, inhibit photosynthetic
enzymes, and induce oxidative stress in plants, as demonstrated
in similar semi-arid systems (54, 55).

In contrast, the Calcisols and Vertisols tend to concentrate metals
in deeper B horizons, where the DI is less than 1 in the Ap horizon.
This reflects the carbonate-mediated immobilization that largely
spares the rhizosphere, metal-carbonate complexes and the high
cation-exchange capacity of smectic clays limit metal bioavailability
(56, 57). Kastanozems exhibits intermediate patterns with moderate
surface DI values (between 1 and 2), driven by organic-mineral
interactions and partially buffered by carbonates. DI values near

classification thresholds (e.g., DI = 1 or = 3) carry inherent
uncertainty due to analytical variability and should be interpreted
with caution. These differing stratification patterns stem from
fundamental soil properties. In organic-rich Luvisols, abundant

Mn-oxide and Fe-oxide phases facilitate trace metal adsorption and
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TABLE 5 Distribution index of trace elements in soil horizons from five representative pedons in central Morocco.

Horizon Pb Sr Ti Zn
DI Class DI Class DI Class DI Class ]| Class DI Class DI Class DI Class DI Class
P1 A 2.71 MC 4.65 cc 1.88 MC 3.66 cc 6.95 HC 6.43 HC 3.19 cC 5.12 cC 411 cC
Bt 2.88 MC 479 ccC 1.82 MC 3.60 ccC 554 cC 513 cc 246 MC 461 cC 4.78 cc
P2 A 0.520 LC 430 ccC 0.726 LC 2.16 MC 2.11 MC 1.98 MC 1.72 MC 5.40 cC 1.82 MC
Bkl 0.391 LC 3.93 cc 0.703 LC 1.62 MC 122 MC 1.53 MC 1.94 MC 3.33 cC 1.46 MC
Bk2 0.270 LC 1.78 MC 0.552 LC 1.02 MC 1.28 MC 0.931 LC 1.30 MC 295 MC 1.08 MC
P3 A 0.780 LC 0.476 LC 112 MC 0.552 LC 2.08 MC 0.172 LC 0.381 LC 0.472 LC 0.472 LC
Btl 0.713 LC 0.415 LC 0.981 LC 0.563 LC 122 MC 0.244 LC 0.373 LC 0.453 LC 0.375 LC
Bt2 1.06 MC 1.07 MC 0.981 LC 1.03 MC 1.87 MC 0.510 LC 0.851 LC 0.951 LC 1.304 MC
P4 AP 0.301 LC 0.451 LC ND 1.28 MC 0.971 LC 0.983 LC 0.232 LC 0.842 LC 0.600 LC
Al 0.335 LC 0.565 LC ND 1.38 MC 0.382 LC 1.67 MC 0.330 LC 122 MC 0.821 LC
Bil 0.391 LC 0.523 LC ND 111 MC 1.20 MC 2.09 MC 0.572 LC 1.86 MC 1.910 MC
Bi2 0.414 LC 1.28 MC ND 1.20 MC 0.730 LC 2.11 MC 0.530 LC 1.68 MC 1.562 MC
P5 A 1.55 MC 1.40 MC 1.18 MC 1.75 MC 1.50 MC 1.97 MC 137 MC 1.25 MC 1.49 MC
Bkl 121 MC 0.881 LC 1.01 LC 0.771 LC 0.385 LC 1.00 MC 0.952 LC 0.632 LC 0.683 LC
Bk2 0.880 LC 0.618 LC 1.01 MC 0.663 LC 0.601 LC 0.751 LC 1.00 MC 0.591 LC 0.645 LC

*N.D: Not detected.
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co-precipitation under fluctuating redox conditions. Conversely, the
high pH and calcium carbonate (CaCOj3) content in carbonate-rich
Calcisols and Kastanozems promote stable metal-carbonate
precipitation and surface complexation (58, 59). Vertisols,
characterized by expansive clay minerals and variable redox micro-
zones, display more heterogeneous DI profiles, indicating episodic
mobilization during wetting and drying cycles (60). Understanding
these mechanisms enables practitioners to interpret DI thresholds as
indicators of horizons that require detailed ecological risk screening
and remediation. In practical terms, focusing on horizons with
elevated DI for ecological risk assessments and plant bioassays
optimizes resource allocation. Soils with Ap or upper Bt horizons
exceeding a DI of 2 for key PTEs should be prioritized for detailed
speciation analyses and bioaccumulation testing. This approach
translates DI patterns into actionable remediation protocols.

3.4 Sources of potential toxic elements

Enrichment Factor (EF) assessment (Figure 4) across five soil types
highlights significant variability in trace element accumulation due to
both natural processes and human activities. EFs effectively differentiate
geogenic from anthropogenic contributions, revealing distinct patterns
by soil type. Chromic Luvisols (P3) showed anthropogenic enrichment
for Cd (EF = 2.36) and Mn (EF = 4.41). Elevated Cd levels align with
findings in intensively cultivated regions where agricultural practices
introduce Cd impurities (61). The Mn enrichment likely reflects the use
of pesticides, as reported in other studies (62, 63).

In the Calcic Kastanozems (P5), Pb exhibited moderate
enrichment (EF = 1.58), marginally above the anthropogenic

threshold; while this suggests possible anthropogenic input, the
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proximity to the 1.5 cutoff indicates that natural variability or
localized historical atmospheric deposition cannot be ruled out
(64). All other elements displayed EF < 1.5, suggesting geogenic
sources, although the borderline As value (EF = 1.25) may reflect
either natural baseline variation or minor anthropogenic input from
past pesticide use (65). Luvic Phaeozems (P1) had EF values near or
below the threshold, indicating geogenic origins for all elements.
However, slight elevations in Pb (EF = 1.26) and Mn (EF = 1.36)
remain within the range of natural variability but could suggest
minor anthropogenic influences (15, 62). The Haplic Calcisols (P2)
showed all EF values < 1.5, underscoring natural geogenic sources
consistent with the region’s carbonate-rich parent materials and the
absence of nearby industrial activities, its carbonate-rich matrix
limits element mobility (66). Similarly, the Vertisols (P4) exhibited
EF < 1.5 for all measured elements, reflecting its derivation from
weathered basaltic or clay-rich parent materials and its location in
areas with minimal anthropogenic pressure, its strong binding
capacity for trace metals arises from high clay content (67). These
findings emphasize the need to consider soil-specific contexts and
management histories when interpreting contamination sources.

3.5 Mobility of potentially toxic elements in
soil

To evaluate the vertical mobility and potential bioavailability of
trace elements, Transfer Factor (TF) values were calculated for each
soil profile (Figure 5). Cd was identified as the most mobile element,
with TF values exceeding 1 in the Chromic Luvisols, indicating
significant accumulation at the surface and potential risk of uptake
by plants. This high mobility correlates with the relatively alkaline

B Luvic Phaeozem
Haplic Calcisol
Chromic Luvisol
Vertisol

I Calcic Kastanozem

Cd Cu

Mn

Trace Element

FIGURE 4

Enrichment factors (EF) of potentially toxic elements (PTEs) in surface horizons of five representative soil types. Error bars represent standard
deviation based on three replicates (n = 3). The threshold line at EF = 1.5 distinguishes geogenic (EF < 1.5) from anthropogenic (EF > 1.5) sources.
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FIGURE 5

Transfer factor (TF) values of potentially toxic elements across different soil types. Error bars represent standard deviation based on three replicates (n = 3).

pH and moderate CEC of Luvisols compared to carbonate-rich
soils, conditions that favor Cd solubility and vertical redistribution
(68, 69). In other profiles, such as the Calcic Kastanozems and the
Luvic Phaeozems, Cd displays moderate mobility, with TF values
below 1 that reflect limited redistribution due to alkaline pH and
carbonate buffering (70). Similarly, Pb and Zn show moderate TF
values in various soils, particularly Vertisols and Kastanozems. This
suggests partial mobility influenced by their association with
organic matter and clay particles, the high clay content and
elevated CEC in these soils enhance metal retention while
allowing limited vertical movement (71). Although this partial
mobility is concerning, crops tend to uptake these elements at
lower rates than Cd. While Zn is essential at low concentrations,
excessive accumulation can become toxic to plants. Zn mobility was
also observed in Haplic Calcisols and Chromic Luvisols, consistent
with its known bioavailability in carbonate-buffered conditions
(72). In the case of the Calcisols and Vertisols, As and Ba exhibit
low TF values of less than 0.5, indicating strong retention due to
sorption to Fe and Al oxides, coupled with low solubility in
calcareous environments. Such immobility aligns with findings in
agricultural soils, where mineral interactions prevail over leaching
processes (73, 74). Mn displays the highest TF value in the Chromic
Luvisol, exceeding 4, likely due to surface redistribution driven by
redox cycling and organic complexation (75); while soil Mn
concentrations remain below typical phytotoxicity thresholds
(400-500 mg/kg in sensitive crops), the high mobility warrants
monitoring in intensive cropping systems (76).

Sr also has moderate TF values, slightly above 1 in the
Kastanozem and Phaeozem, reflecting some release from
carbonate matrices (77). Sr toxicity in crops is generally low due
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to its chemical similarity to calcium, and soil Sr concentrations
remain well below levels associated with plant toxicity or human
health concerns (>350 mg/kg), posing minimal phytotoxic risk, at
the concentrations observed in this study (78). These results
confirm that PTE mobility is governed primarily by soil-specific
properties (pH, CEC and carbonate content) rather than by regional
climatic factors, highlighting the need for site-specific
management approaches.

3.6 Soil-specific ecological risk assessment
of potentially toxic elements

The Potential Ecological Risk Index (PERI) assessment reveals
pronounced differences in both absolute risk magnitude and element-
specific contributions across soil types and horizons (Figure 6).
Absolute PERI values (Figure 6a) demonstrate that the Luvic
Phaeozems (P1) exhibits the highest ecological risk, with both
surface and subsurface horizons classified as very high risk (PERI >
900): P1-Ap (1133.14) and P1-Bt (1029.63). These values exceed
typical ranges for Moroccan agricultural soils (53). The Calcic
Kastanozems surface horizon (P5-A, PERI = 621.19) demonstrates
considerable risk (450 < PERI < 900), while the Haplic Calcisols (P2)
display moderate risk in the surface horizon (P2-A, PERI = 439.63)
with progressive risk reduction in deeper carbonate-rich horizons.
The Chromic Luvisols horizons show the lowest absolute values:
P3-Btl (178.69), P3-A (212.67), and P3-Bt2 (290.23).

The normalized PERI contributions (Figure 6b) reveal distinct
element-specific risk profiles. In the Luvic Phaeozems (P1), Mn
emerges as the dominant contributor (47% in P1-Ap, 41% in
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FIGURE 6
Potential ecological risk index (PERI) assessment across soil horizons. (a)

considerable (450-900), and very high (>900). (b) Normalized PERI contributions showing relative element contributions to total risk across pedons

(P1-P5) and horizons.

P1-Bt). However, this dominance reflects high concentrations rather
than high intrinsic toxicit. Mn’s toxicity coefficient is relatively low,
and its behavior is strongly redox-dependent, varying seasonally with
soil moisture conditions (76). As and Cd contribute nearly equally
(15-16% each) and warrant particular attention due to their links to
crop contamination and human health risks through the food chain.
Cd accumulation in the root zone poses direct risks for cereals and
vegetables, while As exposure through contaminated crops represents
a critical human exposure pathway (53, 79).

The Chromic Luvisols (P3) presents a contrasting pattern, with As
dominance across all horizons (44-48%), coupled with moderate Cd
contributions (11-12%). This pronounced As contamination raises
food safety concerns for wheat and barley cultivation, particularly in
irrigated areas (80). The Vertisols (P4) and Calcic Kastanozems (P5)
exhibit transitional profiles with marked vertical heterogeneity. P4
shows surface Mn dominance (57%) transitioning to As-dominated
contributions in deeper horizons (27-40%), a stratification pattern with
important implications for root crops and deep-rooting species. P5
demonstrates surface Mn influence (52%) shifting toward balanced As-
Mn contributions in subsurface horizons, likely reflecting carbonate-
mediated immobilization processes.

The soil-type differentiation aligns well with previous findings
from EF and DI analyses, reinforcing the robustness of the multi-
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Absolute PERI values with risk thresholds: low (<150), moderate (150-450),

index contamination assessment approach. From a risk management
perspective, differentiated strategies are required. The Luvic
Phaeozems (P1) requires multi-element management focusing on
Cd and As mitigation given their agricultural and human health
implications. Chromic Luvisols (P3) requires As-focused monitoring
with speciation analysis and crop-specific uptake assessment.
Horizons classified as very high risk (P1-Ap, P1-Bt) require urgent
assessment of plant bioaccumulation through monitoring of locally
produced food crops and consideration of soil amendment strategies
or temporary land-use restrictions for sensitive crops.

3.7 Principal component analyses

Principal component analysis (PCA) reveals distinct
geochemical associations controlling PTE distribution across the
studied soil profiles (Table 6). The first two principal components
explain 81.13% of the total variance, with PCI accounting for
58.36% and PC2 for 22.77%, providing a comprehensive
framework for understanding metal behavior in these semi-arid
agricultural soils.

PC1 (58.36% variance) shows strong positive correlations for
multiple PTEs, Zn (0.307), Cu (0.303), Pb (0.299), Ba (0.292), Cd

13 frontiersin.org
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TABLE 6 PCA variable loadings for the first two principal components

(PC1 and PC2), based on trace element concentrations.

10.3389/fs0il.2025.1672832

(0.287), and Mn (0.286), alongside silt (0.298) and clay (0.294). The
PCA biplot (Figure 7) shows the Chromic Luvisols horizons (P3-A,
P3-Btl, P3-Bt2) clustering in the lower-left quadrant, strongly

Variable PC1 PC2 ) ) . . . .
associated with this metal enrichment axis. This pattern reflects
PH (H,0) 0021 0298 anthropogenic metal inputs from agricultural intensification and
Ec (S/m) 0.147 0.194 their association with fine-textured horizons due to their high
CEC (cmolkg 1) 0180 0393 specific surface area and metal-sorbing sites (81).
PC2 (22.77% variance) is dominated by CaCO; (0.495), TOC
Clay (%) 0.294 0.011 (0.449), CEC (0.393), and Sr (0.383), defining a geochemical
Silt (%) 0.298 0.125 buffering capacity axis. The upper portion of the biplot shows
sand (%) 0305 0,080 clear clustering of carbonate-rich horizons from the Haplic
Calcisols (P2-Bkl, P2-Bk2), Calcic Kastanozems (P5-Bkl, P5-
TOC (%) 0.063 0449 Bk2), and Vertisols (P4-Bil, P4-Bi2). This axis distinguishes
CaCOs (%) -0.010 0.495 subsurface horizons with enhanced metal immobilization through
As (mgkg) 0254 16 carbonate precipitation, surface complexation, and organic matt;:r
chelation (67, 82, 83). Sr co-associates with carbonates as Sr**
-1
Ba (mg'kg™) 0.292 -0.049 readily substitutes for Ca®" in carbonate minerals (84).
Cd (mgkg™) 0.287 -0.144 The biplot clearly differentiates soil types based on pedogenic
Cu (mgkg) 0.303 0,025 characteristics. The Luvic Phaeozems (P1-Ap, P1-Bt) occupies the
far-right position along PC1, while the Chromic Luvisols separates
-1
Mn (mgkg ) 0286 0022 from carbonate-rich soils along both axes, reflecting fundamental
Pb (mgkg™") 0.299 -0.120 differences in soil-forming processes. The PCA demonstrates that
St (mgkg) 0.102 0383 PTE distribution is governed by two principal mechanisms whereby
: surface accumulation is driven by anthropogenic inputs with
Ti (mgkg™) 0271 0177 preferential retention in fine-textured horizons (PC1), while
Zn (mgkg™) 0307 -0.084 subsurface stabilization is controlled by carbonates and organic
matter (PC2). Horizons plotting high on PCI represent zones of
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FIGURE 7

Principal component analysis biplot of soil samples based on potentially toxic elements and physicochemical parameters.
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elevated metal bioavailability and potential phytotoxicity risk,
requiring targeted monitoring, while horizons scoring high on
PC2 indicate enhanced metal retention capacity and lower
immediate environmental risk. This interpretation aligns with
findings from other semi-arid agricultural regions (64, 85, 86).

4 Conclusion

This study demonstrates that soil typology fundamentally
controls PTE contamination patterns, mobility, and ecological
risks in semi-arid agricultural soils of north-central Morocco.
Luvic Phaeozems exhibited very high ecological risk with Cd, As,
and Pb, posing immediate threats to crop quality and food chain
transfer. Haplic Calcisols showed the highest As contamination but
moderate risk due to carbonate-mediated immobilization. Chromic
Luvisols presented the lowest absolute risk yet displayed As-
dominated profiles with clear anthropogenic enrichment
signatures for Cd and Mn. Vertisols exhibited predominantly
geogenic sources with strong natural buffering capacity.

Source apportionment identified Cd as the most mobile
element, with clay content emerging as the dominant retention
mechanism. Principal Component Analysis revealed two
geochemical associations controlling PTE behavior, anthropogenic
contamination with clay retention, and carbonate-organic matter
buffering controlling mobility. Multi-fold differences in
contaminant concentrations between soil types and dramatic
ecological risk variations demonstrate that uniform assessment
approaches fail to capture pedological controls, mandating soil-
type-specific management strategies.

Priority actions must target Luvic Phaeozems for immediate
remediation and Chromic Luvisols for crop monitoring. This
integrated framework provides a replicable model for soil-type-
informed risk assessment in pedologically diverse semi-arid regions,
establishing the first comprehensive baseline for north-central
Moroccan agricultural soils essential for sustainable land use and
food security.

5 Limitation statement

Although the purpose of this study was to evaluate pedon-scale
pollution, source and mobility of contaminants, spatial coverage
can be seen as a limitation, which will require future research to
cover the remaining areas by collecting more samples that will be
affordable for statistical analyses. In addition, a one-season data
collection makes the study partial. Hence, in the future, a year-
round sampling and investigation will help to generate adequate
information for sustainable soil pollution management. The
geochemical indices employed (EF, DI, TF, PERI) rely on
standard assumptions and toxicity coefficients, and source
attribution was based on indirect inference rather than definitive
methods such as isotope analysis. Despite these constraints, this
study establishes the first comprehensive baseline data for
representative soil types in this region, demonstrates the
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fundamental role of soil typology in controlling PTE behavior,
and provides a validated methodological framework applicable to
other semi-arid agricultural systems globally.
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