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Abstract

This study investigates the geochemical distribution, integrated contamination status, and
human health risks of potentially toxic elements (PTEs) in 31 agricultural topsoil samples
collected from Najran, southwestern Saudi Arabia. As, Co, Cr, Cu, Ni, Pb, and Zn were
measured and interpreted using spatial distribution maps, the pollution load index (PLI),
Nemerow integrated pollution index (PN), chronic daily intake (CDI), hazard quotient
(HQ), hazard index (HI), cancer risk (CR), and lifetime cancer risk (LCR) for both children
and adults. The measured concentrations (mg/kg) varied from 2-8 for As, 2-14 for Co, 11—
50 for Cr, 5-50 for Cu, 9-50 for Ni, 2-28 for Pb, and 10-249 for Zn. Based on mean values
(mg/kg), the PTEs followed the descending sequence Zn (52.94) > Cr (26.68) > Ni (24.55) >
Cu (16.68) > Co (6.81) > Pb (6.65) > As (4.45). PLI values ranged between 0.117 and 0.642,
with an average of 0.355, suggesting generally low combined pollution by multiple ele-
ments across all sampling locations. However, PN values extended from 0.137 to 1.930,
classifying 27 locations as safe, 2 as warning-level sites, and 2 as slightly polluted, mainly
due to elevated Zn and Pb levels. The assessment of non-carcinogenic risk indicated no
exceedance of the level of concern, as total HI values ranged from 0.156 to 0.678 for chil-
dren and from 0.017 to 0.075 for adults. On average, children had HI values about 9.1
times higher than adults, with soil ingestion representing the principal exposure route.
The element-specific mean HI results indicated that As and Cr were the dominant con-
tributors to non-carcinogenic risk. Carcinogenic risk was assessed for As, Cr, and Pb. Total
LCR values ranged from 1.005 x 1075 to 4.387 x 10~ for children and from 4.460 x 106 to
1.950 x 107 for adults, remaining within the widely accepted or tolerable risk range.
Among the carcinogenic elements, Cr accounted for the highest proportion of total LCR,
contributing 68.67%—69.66%, followed by As with 30.09%-31.07%, while Pb made a very
small contribution of only 0.25%-0.26%. In spatial terms, the greatest HI and LCR values
were concentrated mainly in the western to central-western agricultural areas, where sev-
eral elements relevant to health risk were present together.

Keywords: agricultural topsoils; potentially toxic elements; human health risk
assessment; hazard index; lifetime cancer risk; Najran

Minerals 2026, 16, 693

https://doi.org/10.3390/min16070693


https://doi.org/10.3390/min16070693
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Minerals 2026, 16, 693

2 of 18

1. Introduction

Agricultural soils represent an important connection point among geological pro-
cesses, crop production, ecosystem performance, and human well-being. They provide
the medium for plant growth, control the movement and availability of nutrients and wa-
ter, and can serve either as long-term reservoirs or pathways for contaminants that may
eventually reach plants, livestock, and people. Among the different types of soil pollu-
tants, PTEs, such as As, Co, Cr, Cu, Ni, Pb, and Zn, are especially important because they
persist in the environment, do not biodegrade, and can build up in surface soils over ex-
tended periods. Their occurrence in agricultural soils may originate from natural sources,
including weathering of parent materials, mineralized rock units, inherited alluvial sedi-
ments, and wind-blown dust. However, their levels can also be elevated by human activ-
ities such as mining, industrial emissions, irrigation with wastewater, traffic-derived par-
ticles, application of manure, pesticide use, and phosphate fertilization [1]. The European
Union-scale assessment of agricultural soils highlighted the importance of broad monitor-
ing programs for As, Cd, Cr, Cu, Hg, Pb, Zn, Co, and Ni to protect food safety and guide
soil-quality management [2].

People may be exposed directly to PTEs in agricultural soils through accidental in-
gestion of soil, skin contact, and inhalation of resuspended dust particles, or indirectly
through the soil-plant—food pathway [3-5]. Some elements, including Cu, Co, Ni, and Zn,
are essential for biological functions in small amounts, but they can become harmful when
their concentrations exceed safe limits. In contrast, As and Pb are of major toxicological
concern even at low exposure levels because they have no known essential biological func-
tion and may contribute to neurological, kidney, cardiovascular, developmental, and car-
cinogenic effects [6-8]. Research on agricultural soils and soil-crop systems has consist-
ently indicated that health risk is controlled not only by the total concentration of elements
in soil, but also by the exposure route, receptor category, element toxicity, mobility, and
transfer into edible plant tissues [9,10]. Children are usually considered the more sensitive
population group because they have lower body weight, higher soil ingestion relative to
body mass, and more frequent hand-to-mouth activity [11,12].

Recent international research has progressively shifted from simply reporting ele-
ment concentrations toward more integrated assessment approaches that combine spatial
mapping, pollution indices, exposure estimation, and health-risk calculations for specific
receptor groups [13]. Gong et al. [14] applied ecological and human-health risk models to
agricultural soils in southwest China and highlighted the importance of assessing inges-
tion, dermal contact, and inhalation as separate exposure pathways. Spatial distribution
analysis is important for connecting PTE enrichment patterns with ecological and human-
health risks in agricultural soils [15]. In addition, recent multi-receptor and probabilistic
investigations have shown that deterministic estimates may not adequately represent ex-
posure uncertainty, and that children can remain the most vulnerable receptor group even
when average risk levels appear to be acceptable [16,17].

In arid and semi-arid environments, assessing PTEs in agricultural soils is particu-
larly complex because several natural and human-related factors may act together, includ-
ing local geochemical background, atmospheric dust input, strong evaporation, irrigation
management, weak leaching, and the use of farm amendments. This situation is highly
relevant to Saudi Arabia, where agricultural areas are often developed on alluvial plains,
wadi deposits, and sediments originating from varied geological source rocks [18-20]. Re-
cent studies from Saudi Arabia (e.g., Al-Ahsa Oasis, Makkah, Al Lith) indicate that agri-
cultural soils may generally exhibit low to moderate contamination levels, influenced by
both geological factors and localized human activities. Children had higher estimated
health risks than adults. influenced by both geological factors and localized human activ-
ities [21-23]. These findings establish an important regional reference, but they also
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emphasize that agricultural soils in arid settings need location-specific evaluation rather
than broad regional assumptions.

Although interest in agricultural-soil health risk assessment has grown both globally
and within Saudi Arabia, Najran in southwestern Saudi Arabia remains insufficiently
studied from a human-health perspective. However, a detailed human-health risk assess-
ment using sample-specific CDI, HQ, HI, CR, and LCR has not yet been comprehensively
established. This study aims to fill this gap by examining seven contaminants of potential
concern, namely As, Co, Cr, Cu, Ni, Pb, and Zn, and by integrating concentration data
with spatial distribution mapping, the pollution load index (PLI), Nemerow integrated
pollution index (Pv), and receptor-specific health-risk calculations. The main objectives
are to: (i) assess the concentrations and spatial patterns of PTEs in agricultural soils from
Najran; (i) determine the overall contamination burden using PLI and Py; (iii) estimate
sample-based CDI, HQ, and HI for children and adults through ingestion, dermal contact,
and inhalation pathways; (iv) quantify CR and LCR for As, Cr, and Pb; and (v) identify
the key elements, exposure routes, receptor categories, and farm sites that contribute most
to possible health concerns. The novelty of this study is its transition from interpreting
Najran agricultural soils mainly through geochemical and ecological-risk indicators to-
ward a spatially explicit human-health risk framework that can be directly compared with
recent regional and international HHRA studies of agricultural soils.

2. Materials and Methods
2.1. Study Area, Sampling, and Analytical Methods

This study was structured as a screening-level assessment of human health risks re-
lated to PTEs in agricultural soils from Najran, southwestern Saudi Arabia. A total of 31
agricultural topsoil samples were collected in January 2026 from the 0-15 cm depth inter-
val across cultivated farms in the Najran region (Figure 1). This sampling depth was cho-
sen because it represents the near-surface soil horizon most influenced by farming activi-
ties, fertilizer application, irrigation, atmospheric dust deposition, and regular human
contact. The positions of the sampling sites were recorded using GPS. Although the initial
analytical work covered a wider group of elements, the present health-risk evaluation was
restricted to As, Co, Cr, Cu, Ni, Pb, and Zn.

44°14'E

41°E
B Study Area

O Sample Location
® Najran City

44°14'E 44°21'E

Figure 1. Location map of the Najran agricultural soil sampling sites; southwestern Saudi Arabia.

The collected soil samples were air-dried at room temperature, gently disaggregated,
homogenized, and prepared for laboratory analysis. The samples were analyzed by ALS
Arabia, Jeddah, Saudi Arabia. According to the ALS analytical certificate, sample
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preparation included pulverization using method PUL-31, in which up to 250 g of sample
material was pulverized to 85% passing <75 um. Multi-element analysis was performed
using ALS method ME-ICP41, which involves aqua regia digestion followed by Induc-
tively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) determination for 36 el-
ements. For the elements retained in the present assessment, the reported detection limits
were 2 mg/kg for As, Pb, and Zn, and 1 mg/kg for Co, Cr, Cu, and Ni.

Analytical quality assurance and quality control were evaluated using the quality-
control standards EMOG-17, GBM321-8, MRCA-21, and OREAS-45h, as reported in the
ALS QC Certificate JD26028672 [24], together with reagent blanks and duplicate analyses.
The standard results were within the target ranges reported by ALS, the blanks were be-
low or equal to the corresponding detection limits, and duplicate analyses were within
the laboratory target ranges. These QA/QC results support the reliability of the PTE con-
centrations used in the contamination and human-health risk calculations.

2.2. Integrated Contamination Indicators

The integrated contamination evaluation was conducted using the PLI, first pro-
posed by Tomlinson et al. [25], together with the Py, to assess the overall contamination
pressure of the studied PTEs across the agricultural farms. The Py is commonly applied
as a comprehensive pollution indicator in soil-quality assessments [26]. The PLI produces
a single site-specific value for total multi-element contamination by calculating the geo-
metric mean of contamination factors. In comparison, the Pn combines the average con-
tamination status with the highest element-specific contamination factor at each site. As a
result, Pn is more responsive to isolated enrichment hotspots than PLI, particularly in soils
with strong spatial heterogeneity [14,15].

For each element, the contamination factor was calculated as:

The pollution load index was calculated as:
PLI = (CF; X CFy X CF3 X - X CE)Y/™

The Nemerow integrated pollution index was calculated as:

CFDZIaX + CF;lzve
PN = f

where CFi represents the contamination factor for element i, Ci denotes the measured soil
concentration of that element, and Bi refers to its corresponding background concentra-
tion. The term n indicates the number of elements included in the assessment. CFmax is the
highest contamination factor recorded among the selected elements at a specific sampling
location, while CFave represents the mean contamination factor for that same location.

2.3. Human Health Risk Assessment

Human health risk was evaluated using CDI, HQ, HI, CR, and LCR. These indicators
are commonly used in health-risk assessments of agricultural soils and were applied in
this study to allow comparison with recent regional and international research [13,23,27].
Risk calculations were performed separately for children and adults. Incidental soil inges-
tion, dermal contact with soil, and inhalation of resuspended soil particles were included
as three exposure routes.

Pb was included in the HQ/HI and CR/LCR calculations to maintain comparability
with recent agricultural-soil HHRA studies that evaluate Pb alongside other PTEs [16,28];
however, Pb-related outputs are interpreted only as comparative screening estimates, not
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as regulatory blood-lead-based risks, because the U.S. EPA treats lead as a special case
within the standard RSL framework [29]. Similarly, Cr-related cancer-risk estimates were
based on total Cr rather than Cr(VI) and should therefore be regarded as screening-level
comparative values rather than speciation-specific carcinogenic risk estimates [30].

For soil ingestion, chronic daily intake was calculated as:

C x IngR x EF x ED x CF
CDling = BW x AT

For inhalation of resuspended soil particles, chronic daily intake was calculated as:

C X InhR x EF X ED

CDlinh = —PEF % BW x AT

For dermal contact with soil, chronic daily intake was calculated as:

C X SA X AF x ABS x EF X ED x CF

CDlgerm = BW x AT
The pathway-specific hazard quotient was calculated as:
o=
RfD

The cumulative non-carcinogenic hazard index was calculated as:
HI = ¥HQ = HQing + HQgerm + HQinn

Carcinogenic risk was calculated for As, Cr, and Pb using the available cancer slope
factors. The pathway-specific cancer risk was calculated as:

CR = CDI x CSF
The total lifetime cancer risk was calculated as:

LCR = Y.CR = CRipg + CRerm + CRinp

where C represents the soil concentration of the element (mg/kg). However, Table 1 pre-
sents the exposure parameters used for estimating chronic daily intake and health risk of
PTEs in Najran soil [31,32]. HQ or HI values below 1 were considered to indicate that non-
carcinogenic adverse effects are unlikely under the exposure assumptions applied in this
study. In contrast, values exceeding 1 were taken to suggest a possible non-carcinogenic
health concern [23,33,34]. For carcinogenic risk, LCR values below 1 x 10-¢ were classified
as negligible, values from 1 x 10-¢ to 1 x 10-* were regarded as acceptable or tolerable, and
values above 1 x 10 were interpreted as indicating potential carcinogenic concern. This
interpretation follows the classification commonly adopted in agricultural-soil health-risk
assessments [13,35]. The toxicity parameters applied in the risk calculations, including
pathway-specific RfDs, dermal absorption factors, and cancer slope factors, are presented
in Table 2.

Table 1. Exposure parameters used for estimating CDI and HI of PTEs in Najran soil.

Parameter Symbol Unit Child Adult
Soil ingestion rate IngR mg/day 2.00x10> 1.00 x 10?
Inhalation rate InhR m3/day 7.60 x10° 2.00 x 10!
Exposure frequency EF days/year 3.50 x 102 3.50 x 10?
Exposure duration ED year 6.00 x10°  2.40 x 10?
Body weight BW kg 1.50x10'  7.00 x 10
Average time for non-carcinogenicrisk ~ ATnc days 2.19x10%  8.76 x 103
Average time for carcinogenic risk ATc days 2.56 x10*  2.56 x 10*
Particulate emission factor PEF m?/kg 1.36 x 10°  1.36 x 10°
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Skin surface area SA cm? 2.80x10% 5.70 x 103
Adherence factor AF mg/cm?  2.00x 10! 7.00 x 102
Dermal absorption factor ABS unitless  1.00 x 10 1.00 x 10~
Conversion factor CF kg/mg  1.00x10¢ 1.00 x 106

Table 2. Toxicity parameters used for non-carcinogenic and carcinogenic risk assessment of PTEs in

Najran soil.

PTEs Oral RfD Dermal RfD Inhalation RfD RfD Unit CSFing CSFderm  CSFinn

As 3.00x10%* 1.23x10* 3.00x10*  mg/kg/day 1.50 x 10° 3.66 x 10° 1.51 x 10!

Co 2.00x102 1.60x107? — mg/kg/day — — —

Cr 3.00x10° 6.00x10°5 2.86 x10°  mg/kg/day5.00 x 10-12.00 x 10* 4.20 x 10!

Cu 400x102 402x102  120x102 mg/kg/day — — —

Ni 2.00x102 5.40x 103 2.06x102  mg/kg/day — — —

Pb 3.50x10° 3.25x10* 3.52x10° mg/kg/day8.50x10° — 4.20 x 102

Zn 3.00x107 600x102  3.00x10" mg/kg/day — — —

The HHRA applied in this study should be interpreted as a direct soil-exposure
screening assessment. It evaluates incidental ingestion of soil, dermal contact, and inhala-
tion of resuspended soil particles, but it does not quantify dietary exposure through crop
consumption. Therefore, the calculated CDI, HQ, HI, CR, and LCR values indicate poten-
tial risk from soil-contact pathways rather than total agricultural food-chain exposure.

2.4. Statistical and Spatial Analysis

Descriptive statistical measures, including the minimum, maximum, mean, and
standard deviation, were applied to summarize PTE concentrations as well as the derived
contamination and health-risk indices. Values of PLI, Pn, CDI, HQ, HI, CR, and LCR were
calculated individually for all 31 sampling locations. The site-specific outputs were then
connected with their corresponding geographic coordinates and mapped within a GIS
platform to examine spatial trends, contamination intensity, and potential health-risk
hotspots across the cultivated farms. This spatial procedure is consistent with recent agri-
cultural-soil investigations that combine GIS tools, contamination indices, and HHRA
methods to detect localized risk patterns instead of depending solely on broad average
values.

3. Results and Discussion
3.1. Concentration Levels and Spatial Distribution of Selected PTEs

PTE concentrations (mg/kg) in Najran agricultural soils varied from 2 to 8 (As), 2 to
14 (Co), 11 to 50 (Cr), 5 to 50 (Cu), 9 to 50 (Ni), 2 to 28 (Pb), and 10 to 249 (Zn) (Table S1).
On the basis of mean concentrations, the elements decreased in the sequence Zn > Cr > Ni
>Cu>Co>Pb > As (Table 3). The greatest relative variation was recorded for Zn, followed
by Pb and Cu, suggesting that these elements are more influenced by localized enrichment
processes than by a consistent regional background pattern. This observation is also sup-
ported by the boxplots in Figure 2, where Zn exhibits the broadest spread and a clear
outlier at sample 2, whereas Pb shows a notable outlier at sample 16. Comparable hetero-
geneous spatial patterns of PTEs in agricultural soils have been documented in areas
where field-scale soil management, parent materials, and sediment redistribution pro-
cesses interact [15].
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Table 3. Descriptive statistics of PTEs (mg/kg) in Najran soils.

PTEs Minimum Maximum Mean SD
As 2.00 8.00 4.45 1.88
Co 2.00 14.00 6.81 2.89
Cr 11.00 50.00 26.68 9.38
Cu 5.00 50.00 16.68 8.97
Ni 9.00 50.00 24.55 10.65
Pb 2.00 28.00 6.65 4.87
/n 10.00 249.00 52.94 40.44
250 - P
52
200
2
£ 150
< 100 A
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5 5 2 3 1
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As Co Cr Cu Ni Pb Zn

Potentially toxic elements

Figure 2. Boxplots of PTE concentrations; boxes, lines, green triangles, and circles indicate inter-

quartile ranges, medians, means, and outliers, respectively.

The interpolated spatial maps (Figure 3) indicate that Co, Cr, and Ni display gener-
ally similar distribution patterns. Their concentrations are relatively higher in the western
to central-western part of the cultivated farms, whereas lower levels occur mainly toward
the eastern and north-eastern areas. This spatial trend agrees with the sample-specific
maximum values observed at sample 8, where Co, Cr, and Ni reached 14, 50, and 50
mg/kg, respectively. The same western to central-western sector also includes several
farms with comparatively high multi-element signatures, while sample 23 represents one
of the lowest-concentration locations for these elements. The consistent association among
Co, Cr, and Ni indicates that their spatial distribution is probably governed mainly by
inherited lithogenic or alluvial contributions rather than by a single local anthropogenic
source [14,36].

Arsenic shows a generally similar but less continuous spatial distribution. The high-
est As concentrations were recorded at samples 1, 5, and 8 (8 mg/kg), while the lowest
concentrations occurred at samples 6, 13, 18, 23, 26, and 30 (Table S1). In spatial terms, As
is moderately enriched in some western and central-western farm areas, although its pat-
tern is more irregular than those observed for Co, Cr, and Ni. This distribution suggests
that As is partly associated with the western geochemical setting, but it may also be influ-
enced by local differences in sediment texture, accumulation of fine particles, or farm-level
inputs [9]. In contrast, Cu and Zn are characterized by a pronounced localized enrichment
in the southwestern sector of the study area. The most prominent anomaly is observed at
sample 2, where Cu and Zn concentrations reach 50 and 249 mg/kg, respectively, clearly
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exceeding the values measured in most nearby farms. This restricted spatial pattern sug-
gests that the enrichment of Cu and Zn is not distributed across the whole region, but
instead represents a farm-scale hotspot imposed on the general geochemical background.
In agricultural soils, such Cu-Zn anomalies may result from repeated applications of fer-
tilizers, manure, pesticides, or other farming amendments, although the composition of
natural sediments may also play a role [37].

Co (mg/kg)

Cu (mg/kg)

Cr (mg/kg)

Pb (mg/kg)

Figure 3. Interpolated spatial distribution of the PTEs in Najran agricultural topsoils.

Lead shows a distribution pattern that differs from both the Co-Cr-Ni association and
the localized Cu-Zn anomaly. The highest Pb concentration was measured at sample 16,
where it reached 28 mg/kg, whereas most of the remaining samples showed considerably
lower values. Accordingly, Pb forms a localized anomaly in the central part of the study
area rather than showing a continuous west—east trend or matching the Cu-Zn enrichment
observed at sample 2. This spatial separation indicates that Pb enrichment may be associ-
ated with a different local source or site-specific micro-environmental factor, such as lo-
calized dust accumulation, traffic-derived particulates, suspended materials introduced
through irrigation, or small-scale variation in alluvial parent sediments [36,37].
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3.2. Integrated Contamination Assessment

The computed PLI values varied between 0.117 and 0.642, with an average of 0.355 +
0.139. Since all samples showed PLI values below 1 (Tables 4 and S2), the investigated
agricultural soils can be classified as having low overall multi-element contamination. The
maximum PLI was observed at sample 8, followed by samples 5, 9, and 1. These sites
generally coincide with the western to central-western part of the study area, where sev-
eral elements, particularly As, Co, Cr, Cu, and Ni, occurred at comparatively higher con-
centrations. By contrast, sample 23 recorded the lowest PLI value, reflecting its generally
low concentrations of most of the selected PTEs. This type of PLI-based assessment is
widely applied to describe cumulative contamination pressure from multiple elements
and to separate broad pollution conditions from isolated single-element enrichment pat-
terns [27,37].

Table 4. Summary statistics and classification of the PLI and PN in Najran agricultural topsoils.

Index Minimum Maximum Mean SD Dominant Class
PLI 0.117 0.642 0.355 0.139  Low/no overall pollution
PN 0.137 1.930 0.500 0.326 Safe

The PN values exhibited a broader range than the PLI values, extending from 0.137
to 1.930, with a mean of 0.500 + 0.326. The majority of the samples (27 out of 31) were
categorized as safe class. Samples 5 and 9 were assigned to the warning category, while
samples 2 and 16 were classified as slightly polluted (Table S2). The contrast between the
PLI and PN classifications highlights the greater sensitivity of PN to individual element
anomalies, since its calculation incorporates the highest contamination factor at each site.
Similar applications of Nemerow-type integrated indices in recent agricultural-soil stud-
ies have been used to detect localized heavy-metal pressure and to separate warning or
slightly polluted sites from areas that are generally safe [38,39].

The two samples assigned to the slight-pollution category by PN were influenced by
different dominant elements. For sample 2, the increased PN value (Figure 4) was mainly
controlled by the high Zn contamination factor, which corresponds to the pronounced Zn
hotspot shown in the spatial distribution map (Figure 3). In contrast, the PN value at sam-
ple 16 was largely related to elevated Pb, consistent with the central Pb anomaly. This
difference shows that PN does not merely reflect the broader regional spatial pattern, but
instead emphasizes localized element-specific anomalies at individual sampling sites.
Similar localized enrichments of Zn and Pb have been documented in agricultural soils
influenced by both geogenic and anthropogenic factors, especially where local inputs
overlap with variable parent materials or mineralized geological backgrounds [14,15,37].
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Figure 4. Site-specific values of the PLI and PN for Najran agricultural topsoils.

3.3. Non-Carcinogenic Human Health Risk

The results of CDI, pathway-specific HQ, and element-specific HI show that non-
carcinogenic risk stayed below the level of concern for both children and adults. For chil-
dren, the cumulative HI varied from 0.156 to 0.678, with an average of 0.374 + 0.141. For
adults, HI values ranged from 0.017 to 0.075, with a mean of 0.041 + 0.015 (Table 5). Since
all HI values were below 1, harmful non-carcinogenic effects are not expected under the
screening-level exposure assumptions used in this study. However, children consistently
recorded higher risk values than adults, with the mean HI for children being about 9.1
times greater than that for adults. This difference between receptor groups is mainly re-
lated to children’s lower body weight, greater soil intake relative to body mass, and age-
specific exposure behaviours [40—43].

Table 5. Average CDI, HQ, and HI values for non-carcinogenic risk of PTEs for children and adults.

PTEs Children
CDIing CDIderm CDIinh HQing HQderm HQinn HI
As 5.69 x 1075 1.59 x 107 1.59 x 10~ 1.897 x 101 1.296 x 1078 5.301 x 106 1.910 x 10!
Co 8.70 x 105 2.44 x 107 2.43 x 107 4.351 x 103 1.523 x 105 — 4.366 x 103
Cr 341 =10+ 9.55 x 107 9.53 x 10~ 1.137 x 101 1.592 x 102 3.332 x 10 1.299 x 101
Cu 2.13 x 10+ 5.97 x 107 5.96 x 10° 5.331 x 103 1.485 x 1075 4.965 x 1077 5.346 x 103
Ni 3.14 x 10 8.79 x 107 8.77 x 107 1.569 x 102 1.627 x 104 4.257 x 107 1.586 x 102
Pb 8.50 x 105 2.38 x 107 2.37 x 107° 2.427 x 1072 7.320 x 10 6.744 x 107 2.501 x 102
Zn 6.77 x 104 1.90 x 10-® 1.89 x 108 2.256 x 103 3.158 x 105 6.304 x 10-8 2.288 x 103
PTEs Adults
CDling CDIderm CDIinh HQing HQderm HQinh HI
As 6.10 x 106 243 x 108 8.97 x 10710 2.033 x 102 1.978 x 10 2.989 x 10¢ 2.053 x 102
Co 9.32 x 1076 3.72x 1078 1.37 x 10~ 4.662 x 10 2.325 x 107® — 4.685 x 10
Cr 3.65 x 105 1.46 x 107 5.37 x 10° 1.218 x 102 2.430 x 1073 1.879 x 10 1.480 x 102
Cu 2.28 x 105 9.12 x 108 3.36 x 107° 5.711 x 10 2.268 x 10° 2.800 = 107 5.737 x 10
Ni 3.36 x 105 1.34 x 1077 4.95 x 10° 1.681 x 1073 2.485 x 105 2.401 x 107 1.706 x 103
Pb 9.10 x 10-¢ 3.63 x 108 1.34 x 10~ 2.601 x 1073 1.118 x 104 3.803 x 107 2.713 x 1073
Zn 7.25 x 1075 2.89 x 107 1.07 x 108 2417 x 10 4.822 x 10°® 3.555 x 108 2.466 x 10
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The pathway-specific results indicate that incidental soil ingestion was by far the
dominant route for non-carcinogenic exposure. For children, the mean HQing values were
substantially higher than the corresponding dermal and inhalation values for every ele-
ment (Table 5). A similar pattern was found for adults, although the absolute values were
considerably lower. The inhalation pathway made a negligible contribution to total HI
because its calculated intake is greatly reduced by the particle emission factor. Dermal
contact also represented only a minor share of the total risk compared with ingestion
[21,44].

At the elemental scale, the average total HI values for children decreased in the fol-
lowing order (Table S3): As (0.191) > Cr (0.130) > Pb (0.025) > Ni (0.016) > Cu (0.005) > Co
(0.004) > Zn (0.002). The same sequence was observed for adults, with mean HI values of
0.021 (As), 0.015 (Cr), 0.003 (Pb), 0.002 (Ni), 0.0006 (Cuy), 0.0005 (Co), and 0.0002 (Zn). These
findings show that As and Cr were the main contributors to non-carcinogenic risk. By
contrast, Zn made the smallest contribution to HI, even though it had the highest mean
concentration in the soil. This demonstrates that non-carcinogenic risk is not governed
only by soil concentration, but also by the relationship between estimated dose and path-
way-specific reference values. Similar contrasts between elemental enrichment and haz-
ard contribution have been reported in contaminated farmland soils and multi-receptor
agricultural-soil assessments, where Cr, As, Pb, or Ni may dominate health-risk estimates
even when they are not the most abundant elements [16,41,45].

The maximum element-specific HI values provide additional support for this conclu-
sion. Among children, the highest maximum HI values were associated with As (0.343),
Cr (0.244), and Pb (0.105), while Zn and Co remained low even at their peak concentra-
tions. A similar pattern was observed for adults, where As, Cr, and Pb again showed the
highest maximum values, reaching 0.037, 0.028, and 0.011, respectively. Thus, the strong
Zn enrichment recorded at sample 2 does not correspond to the greatest non-carcinogenic
health risk. Instead, elements with higher toxicological significance, especially As and Cr,
had a stronger effect on HI values.

The total non-carcinogenic hazard index was below the threshold value of 1 at every
sampling location for both children and adults (Figure 5). This confirms that significant
non-carcinogenic effects are unlikely under the screening-level assumptions adopted in
this study. Nevertheless, children showed consistently higher HI values than adults. The
highest child HI values were observed at samples 8, 5, 1, 9, and 19, which are mainly sit-
uated in the western to central-western part of the cultivated area, where several PTEs,
particularly As, Co, Cr, and Ni, displayed relatively elevated concentrations. The maxi-
mum HI was recorded at sample 8, with values of 0.678 for children and 0.075 for adults
(Figure 5). This spatial distribution suggests that cumulative non-carcinogenic risk is
mainly controlled by the combined presence of several moderately enriched elements ra-
ther than by a single-element anomaly, shown that presenting HI at the sampling-location
scale is useful for recognizing local priority areas that may not be evident from summary
statistics alone [46—48].
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Figure 5. Site-specific non-carcinogenic HI values for children and adults in Najran soils. Bold sam-
ple numbers indicate the main child-HI hotspots.

3.4. Carcinogenic Human Health Risk

The calculated total LCR values for As, Cr, and Pb in children varied from 1.005 x
105 to 4.387 x 10-5, with an average of 2.372 x 105 +8.586 x 10-6. For adults, total LCR values
ranged between 4.460 x 10 and 1.950 x 10-5, with a mean of 1.054 x 105 +3.810x10-¢ (Table
6). Accordingly, all LCR values for both receptor groups were within the commonly ac-
cepted or tolerable interval of 1 x 106 to 1 x 10, with no value exceeding 1 x 10 (Table
54). These results indicate that the carcinogenic risk associated with Najran agricultural
soils remains within the tolerable range under the screening-level assumptions used in
this study [16,28,30].

Table 6. Average CR and LCR values for As, Cr, and Pb for children and adults.

Children

PTEs CRing CRuaerm CRinn LCR
As 7.318 x 10-6 4999 x 108 2.058 x 109 7.370 x 10-6
Cr 1.462 x 105 1.637 x 10-6 3.431 x 108 1.629 x 105
Pb 6.190 x 10~ _ 8.546 x 1012 6.191 x 108

Adults

PTEs CRing CRaerm CRinn LCR
As 3.136 x 10-6 3.053 x 108 4.643 x 107 3.171 x 10-6
Cr 6.265 x 106 9.999 x 107 7.739 x 108 7.342 x 106
Pb 2.653 x 10°8 _ 1.928 x 10-1 2.655 x 10°8

At the elemental scale, Cr made the largest contribution to total carcinogenic risk,
followed by As, while the contribution of Pb was very small. For children, the mean ele-
ment-specific LCR values decreased in the order Cr (1.629 x 105) > As (7.370 x 10¢) > Pb
(6.191 x 10-8). A similar ranking was obtained for adults, with mean LCR values of 7.342 x
106 (Cr), 3.171 x 10 (As), and 2.655 x 108 (Pb). These results show that the carcinogenic-
risk pattern was driven mainly by Cr and As rather than Pb, even though Pb displayed
localized enrichment at sample 16. The strong role of Cr in cancer-risk screening is con-
sistent with recent agricultural-soil studies that identified Cr as a major contributor to
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overall carcinogenic risk [30,49,50]. The pathway-specific CR results show that ingestion
represented the main carcinogenic exposure route for As, Cr, and Pb. For children, the
mean CRing values were 1.462 x 10~ (Cr), 7.318 x 10-¢ (As), and 6.190 x 108 (Pb), whereas
the dermal and inhalation pathways contributed much lower values. Adults followed the
same exposure-route pattern, although their absolute CR values were lower. The domi-
nance of ingestion is expected because this pathway is directly influenced by soil intake
rate and contaminant concentration. In contrast, inhalation risk is strongly reduced by the
particle emission factor [10,51].

As-related LCR values were consistently greater for children than for adults and gen-
erally remained within the 10-¢-10-* risk range (Figure 6a). Among the three assessed ele-
ments, Cr generated the highest element-specific LCR values, confirming that it was the
main driver of carcinogenic risk in the study area (Figure 6b). By comparison, Figure 6c
indicates that Pb-related LCR values were substantially lower than those calculated for
As and Cr at all sites, with most samples remaining close to or below 10~7. Accordingly,
the geochemically identified Pb hotspot does not represent a major contributor to carcino-
genic risk within the adopted comparative assessment framework, showing that health-
risk priority depends on both exposure dose and element-specific toxicity, rather than on
concentration level alone [28,49,52].
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Figure 6. Site-specific element-specific LCR of (a) As, (b) Cr, and (c) Pb for children and adults in

Najran soils.

Spatially, the greatest total LCR values were mainly observed at samples 8, 5, 1, 9,
and 19 (Figure 6). These locations correspond to the same broad western to central-west-
ern sector where elevated non-carcinogenic HI values were also recorded. The highest
total LCR occurred at sample 8, reaching 4.387 x 10-® for children and 1.950 x 10-5 for adults.
This distribution reflects the combined occurrence of relatively elevated As and Cr, along
with other transition metals, rather than the influence of a single Pb anomaly. Therefore,
cancer-risk prioritization in Najran soils should mainly target farms where As and Cr are
jointly enriched [17,43,53,54].

3.5. Limitations

This study represents a screening-level assessment based on total soil concentrations
and standard exposure assumptions. Because bioaccessible fractions were not measured,
the calculated CDI, HQ, HI, CR, and LCR values may not fully represent the actual inter-
nal dose. In addition, crop tissues were not analyzed; therefore, the results describe direct
soil-exposure risk rather than dietary exposure through the soil-plant-food pathway. Fur-
ther uncertainty is related to the absence of soil physicochemical parameters, including
pH, organic matter, redox conditions, texture, and particle-size distribution, which can
strongly influence PTE mobility, bioavailability, and toxicity. Formal WRB soil classifica-
tion was also not possible because full soil-profile descriptions and diagnostic horizons
were not available. In addition, Cr-related cancer risk was estimated from total Cr rather
than Cr(VI), while Pb-related values were retained only as comparative screening esti-
mates rather than blood-lead-based regulatory risks. Finally, the interpolation maps are
spatial approximations based on 31 samples and should not be interpreted as exact con-
tamination boundaries.

4. Conclusions

This study presents a sample-based screening evaluation of integrated contamination
and human health risks related to As, Co, Cr, Cu, Ni, Pb, and Zn in agricultural topsoils
from Najran, southwestern Saudi Arabia. The findings indicate that the soils are not sub-
ject to extensive multi-element pollution, as all PLI values remained below 1. Neverthe-
less, the PN identified restricted site-level enrichment, especially the Zn anomaly at sam-
ple 2 and the Pb anomaly at sample 16. This confirms that localized hotspots may be over-
looked when assessment relies only on general pollution indices or mean concentration
values.

The health-risk evaluation showed that non-carcinogenic risk remained below the
level of concern for both children and adults. Total HI values ranged from 0.156 to 0.678
for children and from 0.017 to 0.075 for adults. Children were consistently identified as
the more vulnerable receptor group, with a mean HI approximately 9.1 times higher than
that of adults. For all elements and both receptor groups, incidental soil ingestion was the
main exposure route, while dermal contact and inhalation made substantially smaller con-
tributions. Although Zn recorded the highest average concentration in the soils, its con-
tribution to HI was very limited. In contrast, As and Cr were the dominant contributors
to non-carcinogenic risk, confirming that health risk depends on toxicity-weighted expo-
sure rather than concentration level alone.

Carcinogenic risk estimates for As, Cr, and Pb were within the commonly accepted
or tolerable range. Total LCR values varied from 1.005 x 10-° to 4.387 x 10~ for children
and from 4.460 x 10-¢ to 1.950 x 10-5 for adults. Cr was the main contributor to total LCR,
representing approximately 68.7%—69.7% of the total risk, followed by As (30.1%-31.1%).
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In contrast, Pb contributed less than 0.3%, despite its localized enrichment. The highest
HI and LCR values were concentrated mainly in the western to central-western farms,
particularly near sample 8, where several elements relevant to health risk occurred to-
gether.

Future investigations should extend this screening assessment by incorporating soil
physicochemical properties, WRB-based soil classification, oral bioaccessibility, Cr speci-
ation, Pb-specific modelling, and crop-transfer measurements to evaluate the complete
soil-plant-human exposure pathway.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/min16070693/s1, Figure S1: Mean element-wise contribution
of As, Cr, and Pb to total lifetime cancer risk (LCR) for children and adults in Najran agricultural
topsoils; Table S1: Coordination and PTEs concentration (mg/kg) for Najran topsoil samples.; Table
S2: Site-specific PLI and P~ values for the 31 Najran agricultural topsoil samples; Table S3: HI of
selected PTEs for non-carcinogenic risk in adults and children in Najran agricultural topsoils; Table

S4: Site-specific LCR values for As, Cr, and Pb in Najran agricultural topsoils for children and adults.
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