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Editorial

Potentially Toxic Elements Pollution in Urban and Suburban
Environments II

Ilaria Guagliardi

National Research Council of Italy—Institute for Agriculture and Forest Systems in the
Mediterranean (CNR-ISAFOM), Via Cavour 4/6, 87036 Rende, Italy; ilaria.guagliardi@cnr.it

1. Introduction

Following the success of the first edition of the Special Issue “Potentially Toxic Ele-
ments Pollution in Urban and Suburban Environments”, which gathered 13 high-quality
contributions from international research groups, this second edition has once again proved
to be a scientific success, with an equivalent number of published papers. The renewed
interest and engagement of the scientific community clearly reflect the growing importance
of monitoring and understanding pollution by potentially toxic elements (PTEs) as a serious
and widespread environmental challenge.

Over the past few decades, accelerated population growth, rapid industrialization,
urbanization, and changes in land use have dramatically increased the release and redistri-
bution of inorganic contaminants into the environment [1–4]. The resulting contamination
by PTEs, such as lead, cadmium, arsenic, chromium, and mercury, has become a global
concern because of their persistence, non-biodegradability, and potential to bioaccumulate
in living organisms [5–7]. Once introduced into the environment, PTEs can migrate across
environmental matrices, air, water, soil, and biota [8–11]. They can be transferred to hu-
mans through dermal contact, inhalation of dust, and ingestion of contaminated food or
drinking water [12,13]. Their presence, even at trace concentrations, may exert toxic effects
on plants, animals, and humans, ultimately threatening the stability of ecosystems and
public health [14–16].

Due to their ubiquity and complex environmental behavior, PTEs present substan-
tial challenges for monitoring, risk assessment, and remediation [17,18]. Understanding
their sources, transport mechanisms, and interactions within and between environmental
compartments requires an interdisciplinary approach combining environmental geochem-
istry, soil and water sciences, and ecotoxicology [19]. These disciplines, supported by
geostatistical and geochemical modeling, play a crucial role in identifying contamination
sources, whether geological or anthropogenic, quantifying exposure risks, and informing
sustainable management and policy decisions [20,21].

The present Special Issue aims to collect and compare case studies from diverse
geographical contexts to advance our understanding of the behavior, transport, fate, and
ecotoxicological implications of PTEs in both urban and suburban settings. The selected
contributions address a broad spectrum of issues, including the assessment of soil, water,
and food contamination, the evaluation of human and ecological risks, the development of
analytical and geostatistical tools for source identification, and the use of bioindicators and
model organisms to evaluate exposure. Together, they highlight the global dimension of
PTE pollution and the need for harmonized strategies to prevent, mitigate, and monitor
contamination across environmental matrices.

Toxics 2025, 13, 920 https://doi.org/10.3390/toxics13110920
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2. An Overview of Published Articles

Recent scientific contributions collected in this issue provide a comprehensive and
global perspective on the pervasive challenge of environmental contamination by po-
tentially toxic elements (PTEs), agrochemicals, and natural emissions, as well as their
multifaceted implications for ecosystems, food safety, and human health. The studies
span diverse geographical, environmental, and socio-economic contexts, collectively ad-
vancing our understanding of contamination sources, exposure pathways, and analytical
methodologies for monitoring and risk assessment.

In Lisbon (Portugal), Arán et al. (contribution 1) examined soils from urban and rural
kitchen gardens to assess fertility and contamination by trace metals. Despite elevated
concentrations of Cr, Ni, and Cu exceeding regulatory thresholds, the low bioavailable frac-
tions of these elements suggest limited ecological and health risks. The authors highlighted
the importance of regular monitoring to ensure the long-term safety of urban agriculture, a
growing practice driven by sustainability and food security goals.

In northern Thailand, Santha et al. (contribution 2) investigated the legacy of un-
regulated zinc mining in the Mae Tao watershed, resulting in widespread soil and water
contamination by Cd, Zn, Pb, and Mn. Controlled leaching experiments revealed that ionic
strength, rather than pH, plays a dominant role in governing metal mobility, with Cd iden-
tified as the only element posing a carcinogenic risk. This study provides valuable insights
into the geochemical behavior of heavy metals in tropical agroecosystems, highlighting the
need for risk-based remediation and long-term environmental monitoring.

In southwestern China, Yang et al. (contribution 3) applied hydrochemical and isotopic
analyses to trace nitrate contamination in urban groundwater. Fertilizers, sewage, and
livestock manure were identified as major contributors to NO3

− pollution, with nearly one-
fifth of samples exceeding the national drinking water limit. Nonetheless, the overall water
quality remained within acceptable ranges. The study demonstrates the utility of isotopic
fingerprinting in disentangling natural and anthropogenic influences on groundwater
quality in rapidly urbanizing environments.

Agricultural systems located in volcanic regions illustrate the dual role of natural
processes as both stressors and stimulants of plant metabolism. In the Cotopaxi region
of Ecuador, Mihai et al. (contributions 4 and 5) found that volcanic ash deposition sig-
nificantly enhanced antioxidant activity and the accumulation of bioactive compounds
in potatoes, corn, and beans. However, these metabolic benefits were accompanied by
shifts in elemental composition and the presence of trace heavy metals, raising potential
food safety concerns. The findings illustrate how volcanic inputs can simultaneously en-
rich and challenge agroecosystem sustainability, highlighting the importance of balancing
nutraceutical gains with toxicological vigilance.

Analytical rigor remains central to contamination studies, as shown by Guagliardi et al.
(contribution 6) in southern Italy, who evaluated the comparative performance of X-ray
fluorescence (XRF) and inductively coupled plasma mass spectrometry (ICP-MS) for PTE
determination in soils. The study identified systematic differences between methods,
especially for elements such as V and Zn, emphasizing that instrument sensitivity, cal-
ibration, and matrix effects critically influence measurement reliability. These results
reinforce the need for harmonized analytical protocols to ensure data comparability in
environmental monitoring.

Several investigations addressed contamination pathways and biological indicators.
In Zacatecas (Mexico), Ávila Vázquez et al. (contribution 7) discovered extremely high
Pb concentrations in apples cultivated near mine tailings, exceeding international food
safety limits by several orders of magnitude. The contamination pathway was identified

2
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as foliar absorption rather than root uptake, underscoring the vulnerability of crops in
mining-impacted landscapes.

Similarly, in the Comarca Lagunera region (Mexico), Ocampo-Lopez et al. (contribution 8)
found elevated Pb levels in pigeon tissues, particularly in bones, confirming their value as
bioindicators of urban and industrial pollution.

A complementary methodological study by Zou et al. (contribution 9) in Changchun
(China) improved the accuracy of portable XRF data through matrix correction models,
providing a cost-effective and rapid approach for large-scale urban soil quality assessments.

Exposure to contaminants within indoor and aquatic environments was also explored.
Somsunun et al. (contribution 10) analyzed household dust from Chiang Mai and Lamphun
(Thailand) and found higher as concentrations in rural homes and elevated Cd levels in
urban ones. Children were identified as the most vulnerable group, facing both carcinogenic
and non-carcinogenic risks, thereby calling for stronger indoor air quality management.

In South Africa, Mugudamani et al. (contribution 11) detected herbicides, especially
simazine, atrazine, and terbuthylazine, in rivers, reservoirs, and drinking water. The results
revealed significant ecological risks and potential carcinogenic effects, underscoring the
importance of integrated pesticide management and enhanced water treatment practices.

At a broader toxicological scale, Notario-Barandiaran et al. (contribution 12) conducted
a scoping review of 77 epidemiological studies examining the neuropsychological effects
of arsenic exposure during pregnancy and childhood. The majority reported adverse
cognitive and psychomotor outcomes, although limitations in exposure speciation and
study design hinder definitive causal inference. This synthesis highlights critical gaps in
current exposure assessment and the need for longitudinal, mechanistic research.

Conversely, Al-Raddadi et al. (contribution 13) provided a reassuring perspective by
analyzing the medicinal plant Boerhavia elegans, demonstrating that essential micronutri-
ents such as Fe, Mn, and Zn were abundant. At the same time, toxic elements remained
below WHO safety limits, thereby supporting its continued use in traditional medicine.

Collectively, these studies reveal the global interconnectedness of environmental con-
tamination issues, transcending climatic, economic, and geographic boundaries. They
collectively emphasize the importance of multidisciplinary approaches combining geo-
chemical, biological, and analytical perspectives. Furthermore, they point to a shared need
for improved methodological standardization, continuous environmental monitoring, and
the development of science-based policies to safeguard ecosystem integrity, agricultural
productivity, and public health.

3. Future Perspectives and Concluding Remarks

The research contributions collected in this Special Issue clearly demonstrate that
contamination by potentially toxic elements remains a persistent and complex problem that
transcends geographical and socio-economic boundaries. Despite considerable progress
in analytical methodologies, environmental monitoring, and risk assessment frameworks,
several critical gaps in knowledge still hinder the full understanding of PTE dynamics and
their long-term ecological and health consequences.

Future research should focus on improving the spatial and temporal resolution of PTE
monitoring through integrated, multi-scale approaches that combine field measurements,
remote sensing, and geostatistical modeling. Particular attention should be paid to the inter-
actions between PTEs and emerging contaminants, such as microplastics and nanomaterials,
which may influence their mobility, bioavailability, and toxicity. Similarly, understanding
the coupling between geogenic and anthropogenic sources in rapidly urbanizing regions
will be essential to designing effective prevention and remediation strategies.

3
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Advances in analytical chemistry, isotopic tracing, and in situ sensing technologies
offer new opportunities to refine source apportionment and exposure assessment. These
should be complemented by experimental and modeling studies addressing biogeochemical
transformations and long-term sequestration processes in soils and sediments. In parallel,
the integration of human biomonitoring data with environmental measurements will
enhance the ability to assess real exposure pathways and cumulative risks, particularly
in vulnerable populations such as children and communities living near industrial or
mining areas.

From a policy perspective, there is a pressing need to harmonize environmental
standards and monitoring protocols across countries, ensuring data comparability and
supporting international initiatives for pollution control and health protection. Collabora-
tive networks and open-access data platforms can play a key role in achieving this goal,
promoting transparency, reproducibility, and the global sharing of best practices.

Overall, this second edition of the Special Issue “Potentially Toxic Elements Pollution
in Urban and Suburban Environments” reinforces the critical importance of continued
interdisciplinary research and coordinated policy actions. By combining geochemical
insight with technological innovation and public health awareness, the scientific community
can contribute to a more accurate understanding of PTE behavior and to the sustainable
management of contaminated environments, ultimately safeguarding ecosystem integrity
and human well-being.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.
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Abstract: Pesticides are an important tool for maintaining and improving the global population’s
standard of living. However, their presence in water resources is concerning due to their potential
consequences. Twelve water samples from rivers, dams/reservoirs, and treated drinking water
were collected from Mangaung Metropolitan Municipality in South Africa. The collected samples
were analysed using high-performance liquid chromatography linked to a QTRAP hybrid triple
quadrupole ion trap mass spectrometer. The ecological and human health risks were assessed
by risk quotient and human health risk assessment methods, respectively. Herbicides, such as
atrazine, metolachlor, simazine and terbuthylazine, were analysed in water sources. The average
concentrations of simazine in rivers (1.82 mg/L), dams/reservoirs (0.12 mg/L), and treated drinking
water (0.03 mg/L) were remarkable among all four herbicides detected. Simazine, atrazine, and
terbuthylazine posed high ecological risks for both acute and chronic toxicity in all water sources.
Moreover, simazine is the only contaminant in the river water that poses a medium carcinogenic risk
to adult. It can be concluded that the level of herbicide detected in water sources may affect aquatic
life and human beings negatively. This study may aid in the development of pesticide pollution
management and risk reduction strategies within the municipality.

Keywords: pesticide and herbicide; potential risks; water sources; ecological and health risks;
Mangaung; residue

1. Introduction

Water resources play an important role in our daily lives as a source of water [1].
They are, however, increasingly exposed to an extensive kind of organic chemical of
an anthropogenic source, such as pesticides [2]. Pesticides are chemicals or mixtures of
chemicals that are primarily utilised for the protection of agricultural yields from weeds,
insects, and pests, and humans from diseases [3,4]. Pesticides’ beneficial effects make them
an important tool for maintaining and improving the global populations’ living standards.
Each year, approximately two million tons of pesticides are utilised worldwide to control
weeds, insects, and pests. Herbicides, insecticides, rodenticides, fungicides, and other
pesticides are traditionally classified based on target species. Herbicides and insecticides
are the primary intoxicants among pesticides. Herbicides, on the other hand, are the
most commonly used type of pesticides, accounting for 47.5% of total global pesticide
consumption [4]. A herbicide, according to Wang et al. [5], is any chemical, alone or in
combination, whose purpose is to regulate, terminate, prevent, or alleviate the development
of weeds in a crop. It is also used in forestry, community areas, parks, golf courses, and
sports fields to control weeds [6].
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Pesticides may contaminate water sources as a result of runoff, wastewater discharges,
and return flow from agricultural and irrigated areas. They enter water through direct
application to control aquatic weeds or indirectly through transportation from treated areas.
Leakage and runoff from agricultural areas are the primary sources of conveyance to water
sources [7,8]. The detection and quantification of pesticide in water sources together with
their potential environmental health risks have been extensively documented in many
areas of the world, such as in Argentina [9], Japan [10], the United States [11], India [12],
the Czech Republic [13], China [14], and Malaysia [15]. In spite of such significant research
outputs, the potential human health risks associated with pesticides found in various water
sources essentially remain unrevealed in most of these studies. Moreover, most of these
studies focus less on water sources, such as treated drinking water, which is considered
the safest drinking water source. As a result of the environmental dynamics and incessant
use of a number of pesticides, their presence in the water environment as well as their end
products are concerning, as they may trigger possible effects on aquatic ecosystems and
human health, particularly via the ingestion of water [1,10]. Pesticide exposure through
water ingestion, in particular, can cause gastrointestinal and neurological effects, mimic
the human body’s hormones, which reduce body immunity, disrupt hormone balance,
trigger reproductive issues, pose carcinogenic effects, and reduce intelligence, particularly
in children at the body development stage [4]. To protect aquatic ecosystems, regulations
for the viable utilisation of pesticides have been implemented in both Europe [16,17] and
America [18]. Regrettably, appropriate legislation and inspections are frequently missing
in developing countries, such as South Africa, resulting in pesticide mismanagement and
misuse, together with the continued use of disqualified chemicals [19].

In South Africa, approximately 26,000 tons of pesticides are used each year, with ap-
proximately 700 active chemicals registered for agricultural usage. In the African continent,
South Africa adds roughly one third of all pesticides used, rendering it a high-risk country
for pesticide contamination [20–23]. Monitoring pesticide levels in water resources is thus
critical not only for assessing water quality but also for protecting the health of the ecosys-
tem and South African water consumers. Previous studies on the occurrence of herbicides
in South African aquatic environment found these substances in rivers in the Western
Cape Province [24], dams in the Free State Province [25], seawater in the Western Cape
Province [26], and wastewater influent and effluent in the KwaZulu Natal Province [27].
Hence, they did not shed light on the ecological risks of pesticides. In addition to the
paucity of data on risk assessment of pesticides in various water sources, there is sparse
information on the human health risks of pesticides in the country, particularly in the Free
State Province (home to Mangaung Metropolitan Municipality) where almost fourteen
percent (14%) of profitable agri-business in the country occurs [28]. The intensive agricul-
tural activities in this area encourage the use of agricultural chemicals. Trizine herbicides,
such as atrazine, simazine, and terbuthylazine, and chloroacetanilides herbicides, such as
metolachlor, were targeted in this study because agriculture dominates the landscape of
the Mangaung Metropolitan Municipality. These compounds are also the most commonly
used around the world and are associated with serious health effects [4].

The widespread utilisation of agricultural chemicals, such as herbicides, in the Man-
gaung Metropolitan Municipality prompted this study. Here, we report the first assessment
of herbicides in water sources around the Mangaung Metropolitan Municipality in the
Free State Province of South Africa. To ensure good surface and drinking water quality
within the Mangaung Metropolitan Municipality, it was critical to assess potential pesticide
adverse effects on aquatic ecosystems and human health. To date, there is a scarcity of
studies in the Mangaung Metropolitan Municipality that provide a comprehensive assess-
ment of pesticides and their potential environmental health risks across a variety of water
sources (rivers, dams/reservoirs, and treated drinking water) that are used by thousands
of people for various purposes. Thus, in this metropolitan, more detailed risk assessment
studies of pesticides in rivers, dams/reservoirs, and treated drinking water are desperately
needed for water and human health security. Therefore, this project will fill in such a gap by
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determining the concentrations of herbicides in such water sources. The secondary goal is
to assess the ecological, non-carcinogenic, and carcinogenic risks associated with pesticides
exposure. The novelty of this study stems from the fact that it is the first to report on the
environmental and human health risks of pesticides in rivers, dams/reservoirs, and treated
drinking water within the Mangaung Metropolitan Municipality. The findings of the study
may help to notify the community and relevant stakeholders on the environmental and
public health risks of pesticide exposure. Furthermore, it will guide potential interven-
tions to curtail pesticide pollution and concomitant risks in the region and throughout
the country.

2. Materials and Methods

2.1. Study Area

The Mangaung Metropolitan Municipality is classified as a category-A municipality.
It is centrally positioned in South Africa’s Free State Province (Figure 1). It is located at
29◦10′00′′ S and 26◦1′67′′ E, at an area that covers approximately 9899 km2. It is home
to 878,834 people, which accounts for roughly 28% of the provincial population. The
temperatures may vary from 1.3 ◦C to 21 ◦C during winter and from 13 ◦C to 30.9 ◦C
during summer. The municipality’s average annual rainfall is approximately 476 mm,
with February being the wettest month. The Mangaung Metropolitan Municipality has
only one biome, grassland, which covers the entire municipality. In the Mangaung Metro,
commercial agriculture accounts for 22.96% of land, with pivot irrigation accounting for
1.4% and cultivated orchards accounting for 0.02%. Agriculture is a major economic activity
in the Mangaung Metro, with commercial, small-scale, and subsistence farming all prac-
ticed. An estimated 46,172 households, or 19.4% of the total households in the municipality,
rely on agricultural activities for a living. Crop farming accounts for 67.5% of agricultural
activities in the Mangaung Metro, followed by livestock farming, mixed farming, and
finally other types of agriculture. Community services, finance, trade, transportation, and
manufacturing are some of the other economic sectors in the municipality. As both the
Water Services Authority and the Water Service Provider, the Mangaung Metropolitan
Municipality is obligated to fulfil its mandate of providing safe and dependable portable
water to its consumers. The Mangaung Metro’s water resources include dams (reservoirs),
rivers, wetlands, and groundwater resources. The city’s bulk water supply is currently 31%
supplied by its water treatment works and 69% supplied by other providers [29].

2.2. Sample Collection and Analysis

In September 2022, the sampling campaign was launched. Rivers, dams/reservoirs,
and water treatment works (WWTW) in the Mangaung Metropolitan Municipality were
targeted during the campaign. As shown in Table 1, twelve (12) water samples were col-
lected from rivers (5), dams/reservoirs (5), and treated drinking water (2). When choosing
a sampling location, accessibility, site representation, and pollution sources were all factors
to consider. To collect grab water samples, 750 millilitre (mL) hygienic glass bottles with
screw caps were used. During the sampling campaign, cooler boxes, ice cubes, and tags
were also purchased to protect and label the samples. The 750 millilitre (mL) glass bottles
were washed several times with clean water or river water prior to sampling. Furthermore,
before taking the treated drinking-water sample, the tap was opened and permitted to run
freely for a few minutes. Following fieldwork, all collected samples placed in a cooler box
packed with ice cubes were conveyed to the laboratory, where they were stored at 4 ◦C
until analysis.

In the laboratory (Bloemfontein, South Africa), the samples were filtered through
glass fibre filters to remove particulate matter before being concentrated at a flow rate of
5 mL/minutes (min) onto methanol conditioned C18-6 mL solid phase extraction cartridges
(Strata, Phenomenex, Torrance, CA, USA). The bound sample was slowly eluted from the
dried cartridges with 2 mL methanol and 2 mL ethyl acetate. The eluant was vacuum
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dried until almost dry (Thermo Scientific Savant Speedvac, Waltham, MA, USA) and
reconstituted in 1 mL purified water.

Figure 1. Mangaung Metropolitan Municipality.

Table 1. Location of the sampling points within Mangaung Metropolitan Municipality.

Sample ID Description
Coordinates

Longitude Latitude Elevation

River samples
SWRS03 Near intense agricultural activities 29◦06′9.6′′ 26◦19′7.2′′ 1379 m
SWBS04 Close to residential area and WWTW 29◦07′2.4′′′ 26◦17′1.5′′ 1390 m
SWKOR05 Passes through agricultural farms 29◦12′8.3′′ 25◦31′04′′ 1334 m
SWMOR06 Near farms, railroad, and national road 29◦09′39.3′′ 26◦34′20.3′′ 1327 m
SWKLM07 Passes through a township and near WWTW 29◦14′34.3′′ 26◦40′26.2′′ 1373 m

Dam/Reservoirs samples
SWMS01 It also serves as a resort 29◦01′4.9′′ 26◦24′2.7′′ 1344 m
SWMD02 Serve as a resort, conference centre 29◦02′8.4′′ 26◦27′5.8′′ 1354 m
SWKD08 Fishing activities, and farms nearby 29◦53′03′′ 25◦57′21′′ 1226 m
SWSD09 Near settlement and industrial activities 29◦12′10′′′ 26◦47′38′′ 1460 m
SWRUSD10 Near farms and residents 29◦16′20′′ 26◦37′00′′ 1370 m

Treated drinking water sample
TWWRU01 Water treatment works 1 29◦16′31′′ 26◦37′51′′ -
TWWMSP02 Water treatment works 2 29◦01′10.3′′ 26◦24′9.2′′ -

High-performance liquid chromatography linked to a QTRAP hybrid triple quadrupole
ion trap mass spectrometer was used to analyse the water samples. Analyst 1.5 (AB SCIEX)
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software was used for all data acquisition and processing. Positive and negative ionisation
modes were used to analyse the samples. During analysis, 20 microliter (μL) of each
extracted sample was separated on a C18 (150 mm × 4.6 mm, Gemini NX, Phenomenex)
column at a flow rate of 300 μL/min using a 5 min gradient from 5% solvent A (H2O/0.1%
formic acid) to 95% solvent B (MeOH/0.1% formic acid) with a total run time of 9 min
and 10 min in positive and negative ionisation modes, respectively, to allow for column
re-equilibration. Eluting analytes were electrospray ionised in the TurboV ion source with a
heater temperature of 500 “◦C” to evaporate the excess solvent, 40 psi nebuliser gas, 40 psi
heater gas, and a curtain gas of 15 psi. In positive ionisation mode, the ion spray voltage
was set at 5500 V, while in the negative ionisation mode, it was set at −4500 V.

Pesticide analyses were carried out using multiple reaction monitoring transitions per
analyte. The quantifier was the peak area on the chromatogram generated by the first and
most sensitive transition, while the qualifier was the peak area generated by the second
transition. The qualifier served as an additional level of confirmation for the analytes’
presence. The retention times for these two transitions must be the same as those listed
in Table 2.

Table 2. Multiple reaction monitoring transition values for targeted compounds.

Analyte
Positive Ionisation Mode Negative Ionisation Mode

Q1 (m/z) Q3 (m/z) Q1 (m/z) Q3 (m/z) Retention Time (Minutes)

Atrazine 1 216.049 174.2 216.049 174.2 21.80
Atrazine 2 216.049 68.1 216.049 68.1 21.80

Metolachlor 1 284.347 252 284.347 252 25.30
Metolachlor 2 284.347 176.2 284.347 176.2 25.30

Simazine 1 202.039 132.1 202.039 132.1 19.80
Simazine 2 202.039 104.1 202.039 104.1 19.80

Terbuthylazine 1 230.087 174.3 230.087 174.3 24.00
Terbuthylazine 2 230.087 68 230.087 68 24.00

To validate instrument performance, the selectivity, linearity and limit of quantification
(LOQ) were taken into account. Samples were submitted in batches with solvent blank
runs between each sample analysed and quality control samples of known concentration
interspersed. For each analyte, a four-point calibration curve with a linear fit through the
origin was generated, ranging in concentration from 0.001 ppm to 1 ppm. The linear fit
yielded a correlation coefficient (r) value above 0.98. Furthermore, the quantification limits
ranged from 0.0001 mg/L to 0.01 mg/L as shown in Table 3.

Table 3. Linearity, and limit of quantification of the targeted analytes.

Analyte Linearity (r-Value) LOQ

Simazine 0.99 0.0100
Atrazine 0.99 0.0001

Terbuthylazine 0.99 0.0001
Metolachlor 0.99 0.0001

2.3. Environmental Risk Assessment

The potential ecological risks of herbicides in water sources were evaluated by the
environmental risk quotient (RQ) method. The risks were evaluated based on acute and
chronic toxicities, which measure the toxic effects on the most vulnerable organisms,
such as algae, invertebrate, and fish [30]. Using Equation (1), the risk quotient values
were computed by comparing the measured environmental concentration (MEC) and the
predicted no effect concentration (PNEC):

RQ =
MEC

PNEC
(1)
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When performing a risk analysis for a specific contaminant and aquatic organism,
i.e., algae, invertebrate and fish, it was crucial to estimate the level of contaminant in the
water sources as well as the toxicity of a particular contaminant to an organism in the
water sources (Table 4). The predicted no effect concentration was calculated by dividing
the acute or chronic toxicity value by an assessment factor (AF). The toxicity results were
corrected by an assessment factor during the process of determining the predicted no effect
concentration of a specific herbicide in water sources as shown in Equation (2). Acute toxic-
ity was considered the median lethal concentration (LC50) or mean effective concentration
(EC50), where AF = 1000. Chronic toxicity was determined by the no observable effect
concentration (NOEC), which can be 100, 50, or 10 mg/L for algae, invertebrates, and fish,
respectively [31,32]. The risk quotient was then calculated by comparing the predicted no
effect concentration (PNEC) with the measured environmental concentrations (MEC) of the
herbicide of interest after the toxicity data was corrected by an assessment factor [30]:

PNEC =
EC50

AF
or PNEC =

NOEC
AF

(2)

where RQ is the risk quotient calculated using the effective concentration (EC50) or no
observable effect concentration (NOEC). The measured concentrations of the herbicides
were represented by the MEC. The predicted no effect concentration (PNEC) was the highest
concentration of a drug known to have no negative risks on organisms in the environment.
The risks of herbicides in water sources were categorised as (i) low (RQ ≤ 0.1); (ii) medium
(0.1 < RQ < 1); or (iii) high (RQ ≥ 1) [31,33].

Table 4. Acute and chronic toxicity data for detected herbicides in algae, invertebrate and fish.

Compound Taxon Specie Acute Toxicity (EC50) Chronic Toxicity (NOEC) References

Atrazine
Algae P. Subcapitata 0.059 mg/L 0.1 mg/L [34]

Invertebrate Daphnia magma 6.9 mg/L 0.1 mg/L [34]
Fish Oncorhynchus mykiss 4.5 mg/L 2 mg/L [34]

Metolachlor
Algae P. Subcapitata 57.1 mg/L 3.0 mg/L [34]

Invertebrate Daphnia magma 23.5 mg/L 3.0 mg/L [34]
Fish Oncorhynchus mykiss 3.9 mg/L 1.0 mg/L [34]

Simazine
Algae P. Subcapitata 0.04 mg/L 0.6 mg/L [34]

Invertebrate Daphnia magma 1.1 mg/L 0.6 mg/L [34]
Fish Oncorhynchus mykiss 9.0 mg/L 0.7 mg/L [34]

Terbuthylazine
Algae P. Subcapitata 0.02 mg/L - [35]

Invertebrate Daphnia magma 39.4 mg/L 0.21 mg/L [35]
Fish Oncorhynchus mykiss 3.6 mg/L 0.13 mg/L a [35]

a mysid shrimp.

2.4. Health Risk Assessment

The human health risk assessment method aids in appraising the likelihood and severity
of adverse risks that a specific herbicide may pose in humans. It consists of various steps, such
as hazard identification, exposure assessment, dose–response analysis, and risk characterisa-
tion [36–38]. The goal of the hazard identification step is to look into the type, concentration,
and distribution of pesticides in a specific area [37]. The dose–response assessment step aids
in determining the specific relationship between the contaminant exposure dose and the
likelihood of adverse reactions in the exposed population [38]. The exposure assessment
step assesses the amount, rate, and time of a human’s exposure to a contaminant. Ingestion
remains a major risk among the various routes of exposure. The average daily dose (ADD) of
pesticides ingested by adults and children is calculated using Equation (3). Because of their
behavioural and physiological differences, it is calculated separately [36,37,39]:

ADDing =
C × IngR × EF × ED × CF

BW × AT
(3)

12



Toxics 2023, 11, 538

IngR denotes the rate of ingestion for adults and children. The concentration of herbi-
cides is C, the exposure duration is ED, the conversion factor is CF, the body weight is BW,
the exposure frequency is EF, and the average time is AT (Table 5). The non-carcinogenic
risk is then calculated by dividing the average daily doses in Equation (4) by a corre-
sponding reference dose (RfD) in Table 6. Equation (5) is then used to calculate the hazard
index (HI) [36,39]:

HQ =
ADD
R f D

(4)

HI = ∑ HQ (5)

where if the hazard quotient or index is less than one, it indicates a very low risk; between
one and four, it indicates a possible risk; and when greater than four, it indicates a high
risk [36,39]. The ADD values in Equation (3) are also used to compute the cancer risk (CR)
of each examined contaminant. Using Equation (6), the cancer risk is then assessed by
multiplying the ADD by a corresponding slope factor (SF) in Table 6:

CR = ADD × SF (6)

The permitted risk ranges are <10−6 (very low risk), 10−6–10−5 (low risk), 10−5–10−4

(medium risk), 10−4–10−3 (high risk), and >10−3 (very high risk) [36,39].

Table 5. Exposure assessment parameters for ingestion pathway.

Parameters Description Unit
Values

Reference
Adult Children

BW Body weight kg 70 28 [37,40]
EF Exposure frequency d/year 350 350 [36,39]
ED Exposure duration years 30 6 [36,39]

IngR ingestion rate L/day 2 1.5 [37,41]

AT
Average time (cancer) days 365 × 70 365 × 70 [36,39]

Average time(non-cancer) days 365 × ED 365 × ED [36,39]
CF Conversion factor L/cm3 0.003 0.003 [37,40]
C Concentration mg/L - - -

Table 6. Herbicide reference doses and cancer slope factors.

Contaminant Reference Doses (RfD) Cancer Slope Factor (CSF) Reference

Atrazine 0.0035 mg/kg-day 0.23 mg/kg-day [42]
Metolachlor 0.15 mg/kg-day 0.0092 mg/kg-day [42]

Simazine 0.005 mg/kg-day 0.12 mg/kg-day [42]
Terbuthylazine - - -

3. Results and Discussion

3.1. Pesticides in Water Resources

Table 7 displays the rate of detection and concentrations of pesticides found in this
study. Minimum, maximum, average, and standard deviation were the summary for
descriptive statistics. When a contaminant was detected in only one sample, no stan-
dard deviation was calculated. The findings were discussed in terms of their presence
in rivers, dams/reservoirs, and treated drinking water. This study targeted four (4) her-
bicides: atrazine, simazine, terbuthylazine, and metolachlor. The pesticides discovered
were classified as triazines (atrazine, simazine, and terbuthylazine) and chloroacetanilides
(metolachlor). Triazine herbicides, such as atrazine, simazine, and terbuthylazine, and
chloroacetanilide herbicides, such as metolachlor, were targeted in this study because
agriculture dominates the landscape of Mangaung Metropolitan Municipality. These com-
pounds are the most commonly used around the world and are associated with serious
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health effects [4]. The availability of their standards in the laboratory was also one of the
influencing factors.

Table 7. Herbicides concentrations in rivers, dams/reservoirs and treated drinking water.

Concentration (mg/L)

Compounds DF (%) Min-Max Mean ± SD

Rivers (n = 5)
Atrazine 100 0.002–0.06 0.03 ± 0.03

Metolachlor 100 0.003–0.03 0.01 ± 0.01
Simazine 80 <LOQ-5.67 1.82 ± 2.66

Terbuthylazine 100 0.01–0.21 0.06 ± 0.09
Dams/Reservoirs (n = 5)

Atrazine 100 0.01–0.03 0.02 ± 0.01
Metolachlor 100 0.002–0.03 0.01 ± 0.01

Simazine 80 <LOQ-0.20 0.12 ± 0.08
Terbuthylazine 100 0.01–0.06 0.03 ± 0.02

Treated drinking water (n = 2)
Atrazine 100 0.015–0.02 0.02 ± 0.003

Metolachlor 100 0.009–0.01 0.01 ± 0.001
Simazine 50 <LOQ-0.03 0.03

Terbuthylazine 100 0.019–0.02 0.02 ± 0.001
Notation: DF = detection frequency, n = number of samples, min = minimum concentration, max = maximum
concentration, mg/L = milligram per litre, SD = standard deviation.

3.1.1. Pesticides in Rivers

As shown in Table 7, all herbicides had 100% detection frequency, with the exception
of simazine, which was detected in 80% of the 5 river samples collected. The mean concen-
trations of atrazine, metolachlor, simazine, and terbuthylazine were 0.03 mg/L, 0.01 mg/L,
1.82 mg/L, and 0.06 mg/L, respectively. Simazine had the highest concentration among
the herbicides, despite being detected in 80% of the collected samples, while metolachlor
had the lowest. The detection of pesticides in river water in this study is comparable to
other published works, which detected herbicides, such as simazine, in Cape Town, South
Africa [26], terbuthylazine in Western Cape, South Africa [24], metolachlor in Hungary [43],
and atrazine in Maryland, United States [11]. Most of the rivers in this study pass through
the city, industrial areas, and townships. They are also located near the roadside and
agricultural fields. Therefore, the presence of herbicides in river water was not unexpected
in this study, especially triazine herbicides, which were the most prevalent herbicides in
river samples. Triazine herbicides are considered effective and low-cost compounds that
are primarily used in crop production [5]. Herbicides are also used to control weeds in
industrial areas, along roadsides, and in public squares [6]. The agricultural sector is the
backbone of the economy in the Mangaung Metropolitan Municipality. The area is known
for producing a lot of maize, soybeans, wheat, sorghum, sunflower, potatoes, groundnuts,
and wool. All of these activities necessitate the use of weed control herbicides before,
during, and after farming. In addition, the Mangaung Metropolitan Municipality has well-
developed roads, public parks, industrial areas, and golf clubs. With all these noticeable
areas, significant amounts of herbicides are applied to control weeds in paving, parks,
golf courts, roadsides, buildings, and industrial areas. Runoff from agricultural fields,
roads, public squares, golf clubs, and industrial areas may increase the concentrations of
herbicides in rivers around the municipality. Moreover, trace amounts of herbicides in this
study may be introduced into streams by wastewater effluents mostly discharged in rivers.

3.1.2. Pesticides in Dams/Reservoirs

The detection rates of atrazine, simazine, terbuthylazine, and metolachlor in
dams/reservoirs were 100%, 80%, 100% and 100%, respectively, as shown in Table 7.
Their corresponding average concentrations were 0.02 mg/L, 0.12 mg/L, 0.03 mg/L, and
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0.01 mg/L. The concentrations of these herbicides were trending as simazine > terbuthy-
lazine > atrazine = metolachlor. Simazine had the highest mean concentration of any
herbicides detected. The present study highlighted the occurrence of herbicides in dams,
showing that water pollution by organic compounds is a serious issue. Curchod et al.’s [24]
study in Western Cape, South Africa, found concentrations of simazine and terbuthy-
lazine which were lower than the current results. In Eastern Goiás of Brazil [44], atrazine
and metolachlor concentrations were lower than the findings of this study, while in the
semiarid region of Argentina [9], the detected concentrations of atrazine and metolachlor
were higher than the findings of this study. Herbicides are predominantly utilised in
agricultural activities, but substantial quantities are also utilised in forestry, industrial
areas, public areas, parks, golf courts, and sports grounds for weed control and main-
tenance [5,6]. Pandey et al. [45] also stated that these herbicides can be used to control
invasive plants in water. As a result, the presence of these herbicides in dams/reservoirs
may be attributed to their use to control aquatic weeds, such as algae and submerged
weeds. Some dams/reservoirs are distinguished by well-kept large open spaces with lawns
and turf grasses near bodies of water for picnics. Herbicides may be required to suppress
and control annual and perennial broadleaf and grassy weeds in these large open spaces
with lawn and turf grasses. As a result, runoff from these lawns and turf grass areas may
contaminate dams with simazine, terbuthylazine, atrazine, and metolachlor. According to
Wang et al. [5], herbicides can be useful prior to and after cultivation to restrict broadleaf
and grassy weeds in agricultural fields. Given that the majority of the dams/reservoirs are
surrounded by and located near agricultural fields, runoff from those sites may possibly be
a contributing factor. The use of these herbicides in dams may endanger the aquatic life
and water consumers [5]. Moreover, rivers that discharge their water in dams may also
introduce trace amounts of herbicides in dams. This is because most rivers receive effluents
from wastewater treatment works, which receive water from various areas and are a source
of many pollutants, including herbicides.

3.1.3. Pesticides in Treated Drinking Water

As presented in Table 7, a 100% detection rate for atrazine, metolachlor, and terbuthy-
lazine was recorded, whereas a 50% detection rate was observed for simazine. The mean
concentrations of atrazine, metolachlor, simazine and terbuthylazine were 0.02 mg/L,
0.01 mg/L, 0.03 mg/L and 0.02 mg/L, respectively. Although not detected in all sam-
ples, the concentration of simazine was higher than that of all the detected herbicides
in treated drinking water. From their measured concentration, these herbicides were
trending as simazine > atrazine = tebuthylazine > metolachlor. The occurrence of herbi-
cides such as atrazine and terbuthylazine in treated drinking water was also reported
by Odendaal et al. [46] in their study aimed at determining contaminants of emerging
concern in drinking water in South Africa. Machete and Shadung [47] also reported the
occurrence of atrazine and terbuthylazine in treated drinking water in the Vals and Renos-
ter catchment, South Africa. The use of herbicides to control weeds in dams/reservoirs
used as a source of water in water treatment works may be the source of these herbicides.
Rivers that discharge their water into these dams may contain traces of herbicides, as
they mostly receive wastewater effluents. Atrazine detection in water sources may also be
connected to their persistent nature. Almberg et al. [48] reported that herbicides such as
atrazine are persistent in soil and their transport to water, making it the most commonly
detected pesticide in water sources. Moreover, the presence of pesticides in treated drinking
water revealed that the methods used in selected water treatment works are incapable of
removing these compounds, which include abstraction, macro/micro sieving, coagulation,
flocculation, sedimentation, filtration, and disinfection. Despite the widespread use of
pesticides in South Africa, many of the country’s registered pesticides products have not
been re-evaluated since their initial approval [49]. Among the detected pesticides in this
study, South Africa only has water quality guidelines for the protection of human health
and aquatic environments against atrazine, which is 0.01 mg/L [49,50]. Atrazine concentra-
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tion was above the Republic of South African (RSA) acceptable limit. In order to protect
public health from serious health effects, the World Health Organisation (WHO) has also
implemented pesticides guideline levels in drinking water [51]. The mean concentration of
herbicides in this study were above their corresponding World Health Organisation guide-
lines, except metolachlor, which was equal to its corresponding value. These findings show
a negative situation and a serious health concern for the Mangaung community because
chronic pesticide exposure through water ingestion can have serious health implications [4].
Table 8 compares herbicide detection to the World Health Organisation and South African
guideline values.

Table 8. Concentration of pesticides in treated drinking water with guidelines values [49,51].

Pesticides
Guideline Value Concentration (mg/L) Reference

RSA (mg/L) WHO (mg/L) Maximum Mean

Atrazine 0.01 0.002 0.019 0.02 [49,51]
Metolachlor - 0.01 0.01 0.01 [51]

Simazine - 0.002 0.03 0.03 [51]
Terbuthylazine - 0.007 0.02 0.02 [51]

3.2. Environmental Risk Assessment

The mean values of measured environmental concentrations were utilised to measure
the ecological effects of herbicides on aquatic organisms. The risks of contaminants with
concentrations below the limit of quantification (LOQ) were not assessed. In the absence
of effective concentration (EC) values, lethal concentration (LC50) values were used. In
cases where no observed effect concentration (NOEC) values were unavailable, the lowest
observed effect concentration (LOEC) values were used [19,52]. As three representative
organisms of the aquatic environment, the predicted non-effect concentrations for algae,
invertebrates, and fish were used. In the event of data gaps, different species and endpoints
were included. The results of risk assessment based on three representative organisms are
shown in Table 9.

Table 9. Ecological risks of pesticides in water resources.

Contaminant
Taxonomic

Class

Acute Toxicity Chronic Toxicity

HQ Mean Risk HQ Mean Risk

River

Atrazine
Algae a 508 High 30 High

Invertebrate b 4.35 High 15 High
Fish c 6.67 High 0.15 Medium

Metolachlor
Algae a 0.17 Medium 0.33 Medium

Invertebrate b 0.5 Medium 0.17 Medium
Fish c 2.5 High 0.1 Medium

Simazine
Algae a 45,500 High 303 High

Invertebrate b 1820 High 182 High
Fish c 202 High 26 High

Terbuthylazine
Algae a 3000 High - -

Invertebrate b 1.54 High 14.28 High
Fish c 16.67 High 46.15 High

Dams/Reservoirs

Atrazine
Algae a 339 High 20 High

Invertebrate b 2.9 High 10 High
Fish c 4.44 High 0.1 Medium

Metolachlor
Algae a 0.17 Medium 0.33 Medium

Invertebrate b 0.5 Medium 0.17 Medium
Fish c 2.5 High 0.1 Medium
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Table 9. Cont.

Contaminant
Taxonomic

Class

Acute Toxicity Chronic Toxicity

HQ Mean Risk HQ Mean Risk

Simazine
Algae a 2500 High 16.67 High

Invertebrate b 100 High 10 High
Fish c 11 High 1.43 High

Terbuthylazine
Algae a 1500 High - -

Invertebrate b 0.77 Medium 0.71 Medium
Fish c 8.33 High 2.31 High

Treated drinking water

Atrazine
Algae a 339 High 20 High

Invertebrate b 2.89 High 10 High
Fish c 4.44 High 0.1 Medium

Metolachlor
Algae a 0.17 Medium 0.33 Medium

Invertebrate b 0.5 Medium 0.17 Medium
Fish c 2.5 High 0.1 Medium

Simazine
Algae a 750 High 5 High

Invertebrate b 30 High 3 High
Fish c 3.33 High 0.43 Medium

Terbuthylazine
Algae a 1000 High - -

Invertebrate b 0.77 Medium 4.76 High
Fish c,d 5.55 High 0.15 Medium

Notation: HQ: hazard quotient. Acute and chronic toxicity data of selected species were extracted from data
available in the literature. a P. subcapitata; b Daphnia magna; c Oncorhynchus mykiss; d Mysid shrimp [34,35].

The study looked at both acute and chronic toxicities on aquatic organisms. In all
water media studied, the risk of toxicity ranged from medium to high. In terms of acute
toxicity, atrazine and simazine posed high risks to all aquatic organisms in all water media.
Furthermore, high terbuthylazine risks were noticed in all aquatic organisms in rivers.
However, in dams/reservoirs and treated drinking water, it posed a high risk to algae and
fish. Metolachlor posed a high risk only to fish in all water sources. Remarkably, simazine
was found to pose the greatest ecological risk in rivers, with risk quotient (RQ) values of
45,500, 1820, and 202 for algae, invertebrates, and fish, respectively.

In chronic toxicity, simazine showed a high risk to all aquatic organisms in rivers and
dams. In treated drinking water, its high risks were noticed for algae and invertebrates.
Algae and invertebrates were also sensitive to atrazine, with risk quotient (RQ) values
greater than one in all water media. Terbuthylazine posed high risks to invertebrates and
fish in rivers. In dams/reservoirs, it only posed a high risk to fish, while in treated drinking
water, its high risk was observed for invertebrates. Metolachlor did not show high risk to all
aquatic life in all water media. Moreover, in treated drinking water, none of the herbicides
posed a high risk to fish. The greatest environmental risk was observed in river water for
simazine with risk quotient (RQ) values of 303, 182, and 26 for algae, invertebrates, and
fish, respectively.

The high risks of herbicides, such as simazine, atrazine, and terbuthylazine in wa-
ter resources show an undesirable condition for the aquatic ecosystem in the Mangaung
Metropolitan Municipality. Furthermore, unobserved pesticides and their mixtures may
pose greater risks than those observed in this study [19]. These outcomes are expected to
have an undesirable effect on aquatic life and human beings. There is evidence showing
that exposure to simazine may cause weight changes as well as effects on the serum and
thyroid gland [53]. Terbuthylazine may have an effect on carp growth rate, early ontogeny,
and antioxidant enzyme [49]. Atrazine exposure may increase the risk of cancer, repro-
ductive problems, and antibiotic resistance. In animals, metolachlor can cause salivation,
lacrimation, and convulsions [54,55]. Crop farming, which accounts for 67.5% of all agricul-
tural activities in the Mangaung Metro, may have exacerbated herbicide concentrations in
water resources, which lead to their high ecological risks. Therefore, these pesticides should
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be prioritised and included in municipal environmental monitoring plans. Furthermore,
the qualitative screening of unknown pesticides should also be considered in the near
future. This will help to obtain a full understanding of the pesticide contaminants and
associated risks in water resources within the Mangaung Metro.

3.3. Human Health Risk Assessment

Water sources, such as rivers, dams/reservoirs, and treated drinking water, play an
important role in the lives of people within the Mangaung Metropolitan Municipality. In
rural areas under the authority of Mangaung, these water sources serve as a source of water
for various domestic purposes, including drinking. Therefore, the health risks of pesticides
were focused on oral ingestion. This is because ingestion remains a major risk among the
various routes of exposure [36,37,39]. The risks of pesticides with unknown cancer slope
factors were not assessed. Tables 10 and 11 present the results of non-carcinogenic and
carcinogenic risks, respectively.

Table 10. Non-carcinogenic risks of pesticides in water resources.

Compound
Rivers Dams/Reservoir Treated Drinking Water

ADD HQ ADD HQ ADD HQ

Adults
Atrazine 8.2 × 10−7 2.3 × 10−7 5.5 × 10−7 1.6 × 10−4 5.5 × 10−7 1.6 × 10−4

Metolachlor 2.7 × 10−7 1.8 × 10−6 2.7 × 10−7 1.8 × 10−6 2.7 × 10−7 1.8 × 10−6

Simazine 5 × 10−5 1.6 × 10−2 2.7 × 10−6 5.4 × 10−4 8.2 × 10−7 1.6 × 10−4

Terbuthylazine 1.6 × 10−6 - 8.2 × 10−7 - 5.5 × 10−7 -
Total 5.3 × 10−5 1.6 × 10−2 4.3 × 10−6 7 × 10−4 2.2 × 10−6 3.2 × 10−4

Children
Atrazine 1.5 × 10−6 4.3 × 10−4 4.1 × 10−7 1.2 × 10−4 4.1 × 10−7 1.2 × 10−4

Metolachlor 5 × 10−7 3.3 × 10−6 2 × 10−7 1.3 × 10−6 2 × 10−7 1.3 × 10−6

Simazine 9.3 × 10−5 1.9 × 10−2 2.1 × 10−6 4.2 × 10−4 6.1 × 10−7 1.2 × 10−4

Terbuthylazine 3.1 × 10−6 - 6.1 × 10−7 - 4.1 × 10−7 -
Total 9.8 × 10−5 1.9 × 10−2 3.3 × 10−6 5.4 × 10−4 1.6 × 10−7 2.4 × 10−4

Notation: ADD: average daily dose; HQ: hazard quotient.

Table 11. Carcinogenic risks of pesticides in water resources.

Compound
Rivers Dams/Reservoir Treated Drinking Water

ADD CR ADD CR ADD CR

Adults
Atrazine 3.5 × 10−7 8 × 10−8 2.3 × 10−7 5.3 × 10−8 2.3 × 10−7 5.3 × 10−8

Metolachlor 1.2 × 10−7 1.1 × 10−9 1.2 × 10−5 1.1 × 10−7 1.2 × 10−7 1.1 × 10−9

Simazine 2.1 × 10−5 2.5 × 10−6 1.2 × 10−6 1.4 × 10−7 3.5 × 10−8 4.2 × 10−9

Terbuthylazine 7 × 10−7 - 3.5 × 10−7 - 2.3 × 10−7 -
Total 2.2 × 10−5 2.5 × 10−6 1.4 × 10−5 3 × 10−7 6.5 × 10−7 5.8 × 10−8

Children
Atrazine 1.3 × 10−7 2.9 × 10−8 8.8 × 10−8 2 × 10−8 8.8 × 10−8 2 × 10−8

Metolachlor 4.3 × 10−8 3.9 × 10−10 4.3 × 10−8 3.9 × 10−10 4.3 × 10−8 3.9 × 10−10

Simazine 8 × 10−6 9.6 × 10−7 4.3 × 10−7 5.2 × 10−8 1.3 × 10−8 1.5 × 10−9

Terbuthylazine 2.6 × 10−7 - 1.2 × 10−7 - 4.3 × 10−7 -
Total 8.4 × 10−6 9.9 × 10−7 6.8 × 10−7 7.2 × 10−8 5.7 × 10−7 2.2 × 10−8

Notation: ADD: average daily dose; CR: cancer risk.

Pesticides in the water resources of the Mangaung Metropolitan Municipality were
assessed for human health risks. In terms of non-carcinogenic risk, all pesticides posed
low risks to both adults and children, with hazard quotient values less than one (Table 10).
These values indicate that the Mangaung Metropolitan Municipality community is free
of non-carcinogenic effects caused by the identified herbicides (atrazine, simazine, and
metolachlor) exposure in water resources. In terms of carcinogenic risk, all pesticides in the
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river water showed very low risk to adults and children, with the exception of simazine,
which showed medium risk to adults (Table 11). Furthermore, the presence of all pesticides
posed a very low risk to adults and low risk to children in dams and treated drinking water.
Identified herbicides in this study may have serious health consequences for the community,
as the water from dams/reservoirs and rivers in the Mangaung Metropolitan Municipality
is used to support farmers and local communities. Treated drinking water is also used for
sanitary and household purposes. Furthermore, while the level of risk in this study was low
to medium, it may be harmful to the community in the near future due to the continuous
introduction of these contaminants. Unintended contact, the bioaccumulation of pesticide
residues in fish and locally grown crops, and biomagnification in the food chain can cause
considerable risks to the community of the Mangaung Metropolitan Municipality as a result
of water polluted by these compounds [19]. Furthermore, herbicide degradation may yield
one or more complex transformation products that may be more tenacious or noxious than
the original compound [56]. The various health effects associated with herbicide exposure
include, but are not limited to, oxidative stress, cytotoxicity, dopaminergic effects, sexual
maturation delays, breast cancer, reproductive, and endocrine effects [3]. Human health
risk assessment studies of pesticides in water sources are critical in this community for
regulatory purposes [19] as well as the protection of public health and the country’s limited
water resources.

4. Conclusions

The current project was motivated by the dearth of data on the level of herbicides
in water sources around the Mangaung Metropolitan Municipality and their associated
environmental and health risks. To the best of our knowledge, this was the first study on
the Mangaung Metropolitan Municipality to address such issues. The study revealed that
herbicides are present in rivers, dams/reservoirs and treated drinking water in this area.
The presence of these herbicides shows a possibility to cause high ecological risks and
medium carcinogenic risks during spring season, demonstrating that aquatic and human
beings may be affected by these contaminants. The presence of pesticides in water sources
within the Mangaung Metropolitan Municipality is concerning because South Africa is a
water-stressed country, and exposure to pesticides may cause serious effects. Therefore, it
is strongly advised that interventions aimed at determining the source of contamination be
implemented to safeguard water resources and the health of water consumers and aquatic
organisms. The findings of the study may serve as an awareness to the community and
relevant stakeholders on the environmental and public health risks of pesticide exposure.
It will also aid in the development of municipal pollution management and risk-reduction
strategies for herbicides and other toxic compounds. Some limitations of this study include
the fact that it only focused on a few pesticide families, which should be expanded in future
studies to obtain an overall understanding of the risks associated with them. Furthermore,
the predicted non-effect concentration values are based on currently available data and
may change as more reliable data become available.

Author Contributions: Conceptualization, I.M., S.A.O., T.P.G. and S.S.; methodology, I.M., S.A.O.,
T.P.G. and S.S.; software, S.S., I.M. and S.A.O.; validation, I.M., S.A.O. and T.P.G.; formal analysis,
I.M.; investigation, I.M., S.A.O. and S.S.; resources, S.A.O.; data curation, I.M.; writing—original draft
preparation, I.M., S.A.O. and S.S.; writing—review and editing, T.P.G.; visualization, S.S.; supervision,
T.P.G. and S.A.O.; project administration, S.A.O.; funding acquisition, S.A.O. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was funded by the Water Research Commission (WRC), Project No.: 2022/2023-
00791. It was also financed by research development and postgraduate studies at the Central University
of Technology, Free State (CUT). Part of the APC was also received from the DSI-NRF Centre of Excellence
(CoE) in Human Development at the University of the Witwatersrand, Johannesburg, South Africa.

Institutional Review Board Statement: Not applicable.

19



Toxics 2023, 11, 538

Informed Consent Statement: Appropriate permissions were obtained and followed during this
study. Relevant national and institutional guidelines were also followed and complied with.

Data Availability Statement: Available on request from the corresponding author.

Acknowledgments: The authors gratefully acknowledge the financial support from WRC, Project
No.: 2022/2023-00791 and the Central University of Technology, Free State. This research was also
supported by the DSI-NRF Centre of Excellence (CoE) in Human Development at the University of
the Witwatersrand, Johannesburg, South Africa. The content is solely the responsibility of the authors
and does not reflect the views of the aforementioned institutions. We acknowledge our research team
member Elias K. Mphosho, who contributed to the field data collection.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Husk, B.; Sanchez, J.S.; Leduc, R.; Takser, L.; Savary, O.; Cabana, H. Pharmaceuticals and pesticides in rural community drinking
water of Quebec, Canada—A regional study on the susceptibility to source contamination. Water Qual. Res. J. 2019, 54, 88–103.
[CrossRef]

2. Bai, X.; Lutz, A.; Carroll, R.; Keteles, K.; Dahlin, K.; Murphy, M.; Nguyen, D. Occurrence, distribution, and seasonality of emerging
contaminants in urban watersheds. Chemosphere 2018, 200, 133–142. [CrossRef] [PubMed]

3. Nicolopoulou-Stamati, P.; Maipas, S.; Kotampasi, C.; Stamatis, P.; Hens, L. Chemical pesticides and human health: The urgent
need for a new concept in agriculture. Front. Public Health 2016, 4, 148. [CrossRef]

4. Syafrudin, M.; Kristanti, R.A.; Yuniarto, A.; Hadibarata, T.; Rhee, J.; Al-Onazi, W.A.; Algarni, T.S.; Almarri, A.H.; Al-Mohaimeed,
A.M. Pesticides in drinking water—A review. Int. J. Environ. Res. Public Health 2021, 18, 468. [CrossRef] [PubMed]

5. Wang, M.; Lv, J.; Deng, H.; Liu, Q.; Liang, S. Occurrence and Removal of Triazine Herbicides during Wastewater Treatment
Processes and Their Environmental Impact on Aquatic Life. Int. J. Environ. Res. Public Health 2022, 19, 4557. [CrossRef] [PubMed]
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Abstract: Indoor exposure to heavy metals poses human health risks worldwide, but study reports
from Thailand are still limited, particularly in rural and urban areas. We measured the heavy metals
in a hundred indoor household dust samples collected from urban and rural areas in Chiang Mai and
Lamphun provinces and found a significantly higher concentration of As in rural areas and Cd in
urban areas with industrial activities. The source identification of the heavy metals showed significant
enrichment from traffic emissions, paint, smoking, and mixed sources with natural soil. From health
risk assessment models, children were more vulnerable to noncarcinogenic risks (HI = 1.45), primarily
via ingestion (HQ = 1.39). Lifetime cancer risks (LCRs) due to heavy metal exposure were found
in adults (LCR = 5.31 × 10−4) and children (LCR = 9.05 × 10−4). The cancer risks from As were
higher in rural areas via ingestion, while Cr and Ni were higher in urban areas via inhalation and
ingestion, respectively. This study estimated that approximately 5 out of 10,000 adults and 9 out of
10,000 children among the population may develop cancer in their lifetime from exposure to indoor
heavy metals in this region.

Keywords: indoor household dust; heavy metals; health risk assessment; source identification; urban
area; rural area; cancer risk

1. Introduction

Since the start of the COVID-19 pandemic, people around the world have been staying
at home progressively more, frequently spending up to 90% of their time indoors [1–3].
Therefore, domestic indoor environments may represent the greatest risk factor for human
exposure to indoor contaminants, especially in children, the elderly, and vulnerable people
who have lived primarily indoors. According to the World Health Organization [4], in 2020,
exposure to residential air pollution resulted in approximately 3.2 million deaths per year.
This exposure was associated with the development of noncommunicable diseases, includ-
ing stroke, ischemic heart disease, and chronic obstructive pulmonary disease (COPD).
Additionally, it was determined that approximately 6% of all lung cancer deaths could be
attributable to exposure to carcinogens originating from indoor household air pollution [4].
Hence, the identification, characterization, and mitigation of indoor household pollutants
are important.

Indoor environments contain many pollutants, including carbon and sulfur oxides,
volatile organic compounds, particulate matter, biological particles, radon, and chemicals
emitted by furniture and interior decorations [5,6]. Household dust is an important indoor
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pollutant that contains a variety of organic and inorganic contaminants, including trace
heavy metals, which can enter and harm the human body [7].

Over the past few decades, numerous studies have demonstrated that dust samples
exhibit elevated concentrations of elemental species and organic pollutants [8–10]. The
dispersion of settled dust into the atmosphere can occur through the influence of wind and
various natural or human activities that have significant implications for both air quality
and human health [11–14]. Furthermore, there is a correlation between the resuspension
of settled dust and the presence of particulate matter indoors [15,16]. Heavy metal con-
tamination in household dust arises from various internal and external sources of human
activities. These sources include mining, vehicle emissions and transportation, fossil fuel
combustion and heating methods, cooking, smoking, painting, agricultural and industrial
activities, and natural sources [17,18].

The transfer of heavy metals present in dust to humans can occur through various
routes of exposure, including ingestion, inhalation, and dermal absorption [19,20]. The
potential health risks associated with high concentrations of toxic metals found in settled
dust are a matter of concern due to their acute and chronic toxicity, especially for children
and vulnerable individuals, who are more susceptible [21–23]. Heavy metals exhibit
significant levels of persistence and biotoxicity, hence, exerting detrimental effects on
several organs such as the lungs, kidneys, and other systems in the body associated with
cardiovascular, cerebrovascular, skeletal, and neurological problems [24,25]. Arsenic (As) is
a highly toxic substance that has been linked to the development of numerous complications
in various organ systems of the body, as well as many types of cancers [26,27]. Exposure
to cadmium (Cd) has been identified as a potential immunotoxicant [28], with established
associations with many cancers and pronounced toxic effects on the liver and kidneys [29].
Chronic exposure and bioaccumulation of chromium (Cr) have been found to induce
allergic responses, anemia, and toxicity in the male reproductive system [30]. Inhalation
of manganese (Mn) has been found to have detrimental effects on the respiratory, renal,
and hepatic systems, ultimately, resulting in the development of a neurological disorder
known as manganism [31]. Nickel (Ni) has been associated with several health concerns,
including allergies, cardiovascular and kidney problems, and lung fibrosis, as well as an
increased risk of developing lung and nasal cancers [32]. Exposure to lead (Pb) has the
potential to impact multiple systems inside the body, and it is especially detrimental to the
neurological development of young children, as it alters the functioning of the brain and
central nervous system [33]. Many studies have indicated that As, Cd, Cr, Pb, and Ni may be
linked to cancer development, resulting in their classification as carcinogens [22,23,34–36].
Furthermore, in the body, some heavy metals exhibit a biological half-life exceeding 10–
35 years, hence, presenting enduring health risks [28].

Chiang Mai and Lamphun provinces are important areas in upper Northern Thailand,
which consist of urban areas, rural areas with agricultural activities, and industrial areas.
These urban, industrial, and agricultural areas can be significant sources of heavy metal
pollution in the form of dust from various activities. The process of urbanization has a
substantial influence on the environmental quality in the area. Therefore, the primary
objective of this study was to assess the concentrations of eight heavy metals in the indoor
household dust in Chiang Mai and Lamphun provinces, representing urban areas in the
City of Chiang Mai, industrial areas near the City of Lamphun, and agricultural areas in
the rural areas of both provinces. The second objective was to identify the sources of the
heavy metals in the indoor household dust of Chiang Mai and Lamphun provinces. Finally,
the third objective was to evaluate a health risk assessment in terms of the carcinogenic
and noncarcinogenic risks.

2. Materials and Methods

2.1. Study Area

This study was carried out within the geographical boundaries of Chiang Mai and
Lamphun provinces (Figure 1). Chiang Mai and Lamphun cities are located in one of the
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most developed regions in Thailand, which has been undergoing rapid urbanization over
the last few decades [37]. This study was conducted in urban, industrial, and rural areas
with agriculture. The urban area in this study consisted of Mueang Chiang Mai district, Nai
Mueang Lamphun subdistrict, and some parts of Hang Dong, San Sai, Mae Rim, and San
Kamphaeng districts. The industrial area was the Industrial Estate in Lamphun province,
the largest industrial area in upper Northern Thailand. These industries have primarily
been engaged in the electronics, automotive components, agricultural, and manufacturing
sectors. Meanwhile, the other areas of this region remain abundant in agricultural land [38].
Regardless of the forest and mountain areas, except for the urban and industrial areas,
the other areas in this region were assumed to be rural areas that could be indicated as
agricultural areas in this study.

Figure 1. Map of the study site and the locations of collected indoor household dust.

2.2. Samples and Data Collection

Potential locations of houses were geographically mapped and house owners were
informed of the study and invited to participate with their informed consent. This study
was approved by the Human Experimentation Committee, Research Institute for Health
Sciences (study code: Project No. 1/59, approved on: 10 May 2016). Totally, 100 settled
indoor household dust samples were collected in the houses of participants. The land
use types of urban, industrial, and agricultural areas of the dust-collected houses were
identified within a 5 km radius during the period of dust collection. The settled dust was
collected using a vacuum cleaner (HITACHI CV-SF18 220C) from surface areas of at least
1 m above the ground level of the living room and bedroom of all participants (and on
the surface of furniture). Dust samples from the vacuum cleaner were dried, transferred,
and filtered using a 63-micron sieve. After being sieved, approximately 0.5–2 g of dust
samples was kept in a clean polyethylene Ziplock bag at −20 ◦C until analysis. Household
characteristics and household activities were recorded during the period of dust collection.

2.3. Sample Analysis

To determine the heavy metal concentrations of As, Cd, Cr, Cu, Mn, Ni, Pb, and Zn in
indoor settled house dust, the method of Falciani et al. was modified [39]. Briefly, 150 mg
of each dust sample was digested with 5 mL of HNO3 and 5 mL of HCl in an ETHOS UP
High-Performance Microwave Digestion System (Milestone Inc., Sorisole, Italy) using TFM
microwave digestion vessels at 210 ◦C for 40 min. After cooling, the digested samples
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were diluted to 25 mL with Milli-Q water (18.2 MΩ-cm) and then filtered through a 0.2 μm
nylon filter. Digestions and quality controls were analyzed for concentrations of heavy
metals in triplicate with an inductively coupled plasma optical spectrometer, or ICP-OES
(Agilent 5800, Agilent Scientific Technology Ltd., Santa Clara, California, USA). To prepare
the calibration curve, a certified reference material, ICP Multi-Element Standard (CPA
chem. Stara Zagora, Bulgaria), was used. The radiofrequency (RF) power was 1.2 kW, the
nebulization flow was 0.7 L min−1, and the argon plasma flow was 12.0 L min−1. The
blank experiments were conducted by repeating the steps in the sample preparation. The
composition of the blank was compared with the sample solution to identify the elemental
composition of the heavy metals in the dust. The calibration curves for absorbance and
concentration were used to determine the concentrations of heavy metals in every sample
with a straight line of r > 0.999. To ensure the method’s correctness, each heavy metal
analysis was carried out in triplicate using standard reference material (SRM2584). The
range of the results for the percentage recovery of standard heavy metals was 81.8% to
97.6% (Table S3).

2.4. Enrichment Factor (EF) Calculation

The enrichment factor (EF) is usually used to estimate the degree of enrichment of an
element in soil and dust samples compared with its abundance in the Earth’s crust [40,41].
To determine the anthropogenic input, or the impact of human activities, in the metal values
in the settled house dust, the EF can identify the origin of each element in the dust sample
and distinguish whether that element originated from anthropogenic activity or natural
sources [42] based on a reference element that is considered to be stable in its performance
and not susceptible to environmental and analysis processes [43]. The EF was calculated
using the following Equation (1).

EF = (Cx/Cref)sample/(Cx/Cref)background (1)

where Cx is the examined metal concentration, and Cref is the reference metal concentra-
tion for normalization. In this study, Mn was applied as the reference metal [14]. The
background values of the chemical elements in the continental crust followed Taylor’s
report [44].

2.5. Health Risk Assessment

The exposure dose to the heavy metals in the house dust was estimated via three routes
of exposure [45]. The model developed by the US Environmental Protection Agency [46]
was used to calculate the exposure to metals in settled house dust. The average daily doses
(ADDs, mg kg−1 day−1) of heavy metals in household dust via ingestion, dermal contact,
and inhalation as exposure pathways were calculated separately using Equations (2)–(4)
for noncarcinogenic risk and (5)–(7) for carcinogenic risk [14,47]. The average daily doses
(ADDs, mg kg−1 day−1) for noncarcinogenic risk were calculated as follows:

ADDingest = C × IngR × ExF × ED
BW × AT

× CF (2)

ADDinhal = C ×
[

InhR × ExF × ET × ED
PEF × BW × AT

]
(3)

ADDdermal = C ×
[

SA × SL × ABS × ExF × ED
BW × AT

]
× CF (4)

The average daily doses (ADDs, mg kg−1 day−1) for carcinogenic risk were calculated
as follows:

ADDingestcarcinogenic = C ×
[

IR × ExF
AT

]
× CF (5)
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ADDinhalcarcinogenic = C ×
[

ExF × ET × ED
PEF × 24 × AT

]
× 1000 (6)

ADDdermalcarcinogenic = C ×
[

ABS × ExF × DFS
AT

]
× CF (7)

where C is the measured concentration of heavy metals in household dust (mg kg−1), and
IngR and InhR are the ingestion and inhalation rates, respectively; ExF is the exposure
frequency (day year−1); ED is the exposure duration, represented by years of stay in the
house (years), obtained from the questionnaire; BW is the body weight (kg); AT is the
average time stay in the house per day; PEF is the particle emission factor; SL is the skin
adherence factor; SA is the exposed skin area; and ABS is the dermal absorption factor. The
values of the parameters are listed in Table S1.

Subsequently, the hazard index and cancer risk methods were used to assess the health
risks of heavy metal exposure to household dust. The calculated doses of each metal for
the three exposure pathways were compared to their corresponding reference dose (RfD)
(mg kg−1 day−1) to yield a hazard quotient (HQ), as shown in Equation (8), and then
summed to obtain the total noncarcinogenic risk of all pathways using the hazard index
(HI), as shown in Equation (9) [46]. For noncarcinogenic risk, if the HQ or HI < 1, this
indicates that there is no significant risk effect. In contrast, if the HQ or HI ≥ 1, there
is possibly a noncarcinogenic effect, which tends to increase in effect when the HQ or
HI increases [46].

HQ =
ADD
R f D

(8)

HI = ∑ HQIngest + HQInhal + HQDermal (9)

While the carcinogenic risk, or cancer risk (CR), estimates the carcinogenic effects
over the lifetime, the dose was multiplied by the corresponding cancer slope factor (SF)
[(mg kg−1 day−1)]−1. Total cancer risks, or lifetime cancer risk (LCR), were assessed by
summing the cancer risk of each exposure route [13,46], which is defined as follows:

CR = ADD × SF (10)

LCR = ∑ CRIngest + CRInhal + CRDermal (11)

For the carcinogenic risk, if the CR or LCR is in a range between 1 × 10−6 and 1 × 10−4,
this can indicate an acceptable or tolerable risk; if higher than 1 × 10−4, this suggests that, at
least, 1 in 10,000 people may develop any cancer from lifetime exposure [14]. The reference
values for the noncarcinogenic and carcinogenic risk assessment are shown in Table S2.

2.6. Source Apportionment Model

In environmental research, positive matrix factorization (PMF) is typically utilized
to identify and allocate pollution sources according to the composition of the pollutants
measured at a certain location. It is frequently used to evaluate complex combinations of
contaminants and to determine how various sources contribute to the total contamination.
To evaluate the source apportionment of heavy metals in indoor settled household dust,
PMF was employed. According to the US EPA, the PMF 5.0 user manual (version 5.0.14)
software was used. Source identification was established according to representative
elements of base run factors that were selected by sample concentration. To determine the
source contributions and component profiles of the pollutant sources under non-negative
limitations, the concentration of the elements and uncertainty values were employed in
PMF [48], as per the following Equation (12):

xij =
p

∑
k=1

(
gik fkj + eij

)
(12)
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where Xij is the concentration of a species, gik is the factor contribution, fkj is the factor
profile, eij is the residual matrix, p is the factor number, i is the sample number, and j is the
species of element.

To produce the ideal matrices of G and F by repeatedly breaking down the heavy
metal concentration matrix X, PMF minimizes the objective function Q, as per the following
Equation (13):

Q =
n

∑
i=1

m

∑
j=1

[
eij

uij

]2

(13)

The uncertainty is calculated using a fixed fraction of the method detection limit (MDL)
according to the EPA PMF 5.0 user guide, as shown in Equations (14) and (15).

When concentration less than the MDL:

uij =
5
6
× MDL (14)

When concentration more than MDL:

uij =
√

error f raction × c + MDL (15)

The numbers of the F (factor profile) and G (factor contribution) matrices are examined
with FPEAK and classified as “rotational ambiguity”, which can be used to calculate
the minimum Q value. PMF could be performed on five FPEAK runs in this dataset.
Every variable had a strong signal-to-noise ratio and no missing values or outliers in the
samples. Thirty runs of the model yielded five possible source assumptions. Model residual
analysis and model diagnostics were utilized to ascertain the five possible components.
The mapping of the bootstrap factors to the base factors was over 80%, indicating that the
bootstrap uncertainties could be interpreted and appropriated to the number of factors.

2.7. Statistical Analysis

According to the normality distribution test, most of the heavy metal levels showed
a non-normal distribution (p < 0.001, except for Mn). Therefore, nonparametric tests,
including the Kruskal–Wallis and Mann–Whitney tests, were used to compare the median
values of the datasets. A p-value of <0.05 shows significant differences between the median
of the compared groups.

3. Results and Discussion

3.1. Heavy Metal Concentrations in Indoor Household Dust

The median and IQR concentrations (mg kg−1) of eight heavy metals in household
dust are shown in Table 1. We found that Mn (542.7, 270.3 mg kg−1) exhibited the highest
concentration in indoor household dust followed by Zn (352.7, 246.9 mg kg−1), >Cu (82.5,
56.3 mg kg−1), >Pb (44.8, 27.7 mg kg−1), >Cr (32.4, 18.3 mg kg−1), >Ni (28.9, 17.9 mg kg−1),
>As (10.3, 6.1 mg kg−1), and Cd (0.9, 1.5 mg kg−1), which was the lowest concentration.
The concentration ranges of As, Cd, Cr, Cu, Mn, Ni, Pb, and Zn in indoor household
dust in the present study were from 4.2 to 62.1 mg kg−1, 0.2 to 20.2 mg kg−1, 17.2 to
148.0 mg kg−1, 25.1 to 401.5 mg kg−1, 204.8 to 1318.1 mg kg−1, 11.2 to 146.2 mg kg−1,
18.0 to 426.4 mg kg−1, and 123.8 to 1527.2 mg kg−1, respectively. The distribution map of
the heavy metal concentrations in indoor household dust in Chiang Mai and Lamphun
provinces is shown in Figure 2.
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Table 1. The concentrations of heavy metals (mg kg−1) in indoor household dust in this study.

Heavy Metals
Concentration (mg kg−1)

Mean SD Median IQR Min. Max.

As 12.5 8.8 10.3 6.1 4.2 62.1
Cd 2.2 3.9 0.9 1.5 0.2 20.2
Cr 38.5 20.1 32.4 18.3 17.2 148.0
Cu 107.3 78.2 82.5 56.3 25.1 401.5
Mn 577.6 222.5 542.7 270.3 204.8 1318.1
Ni 34.9 23.6 28.9 17.9 11.2 146.2
Pb 62.1 57.8 44.8 27.7 18.0 426.4
Zn 408.7 246.9 352.7 210.1 123.8 1527.2

Figure 2. Distribution map of heavy metal concentrations (mg kg−1) in indoor household dust using
the inverse distance weighting (IDW) interpolation method.

The concentrations of heavy metals in this study were within the range of previous
studies worldwide (Table 2). However, in contrast to other studies, only Mn in this study
was different, changing the order and showing a higher concentration than Zn in this region.
Regardless of the highest value of Mn, the orders of the heavy metal concentrations in this
region are likely similar to those found in China, the UK, a meta-analysis of 35 countries [17],
and other countries, with slight changes in the order for Cu, Pb, Cr, and Ni (Table 2). The
higher concentration of Mn than Zn in this study may be due to the origin of the household
dust from contamination by outdoor air and soil resuspension, which is highly abundant
in Mn. While Zn-rich content was related to industrial emissions and urban areas [14,17],
there was also found a higher concentration of Zn in urban areas than in rural areas with a
borderline significant difference in the present study (Table 3). Additionally, in the case of
this study, the geological background might be a crucial factor in the metal content. Some
studies revealed that detached homes had higher levels of Mn [17,49], and most houses in
this study were detached single houses (data are not shown). Moreover, most houses in
Northern Thailand are open-air houses, which allows natural ventilation throughout by
keeping the doors and windows open [6]. Soil dust that contains abundant Mn can easily
enter houses. In addition, agricultural chemicals are a potential source of Mn [50], and most
people in this region are engaged in agricultural work that easily transfers contaminated
soil and agricultural chemicals onto the body and into homes.

Regarding the differences in urbanization, the concentrations of heavy metals in urban
areas, industrial areas, and agricultural areas, such as rural areas, were investigated. The
comparison of the heavy metal concentrations (mg kg−1) in indoor household dust in
the different areas is shown in Table 3. On the basis of the results, a significantly higher
concentration of As was found in rural areas than urban areas, and a borderline significantly
higher concentration of Zn was found in urban areas than rural areas. Meanwhile, the
concentrations of Cd, Cr, Cu, Mn, Ni, and Pb showed no significant differences between
urban and rural areas. It was previously reported that the As level decreases with an
increase in the distance from the city center [17] and is related to pesticide use in agricultural
lands [35,51]. Moreover, the higher concentration of As in rural areas could be linked to the
contamination of outdoor soil [40], while Zn was mostly linked to activities in urban areas,
such as vehicle transportation [14] and industrial activities [17].
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In the industrial area, there was a significantly higher concentration of only Cd in the
indoor household dust of the houses located near the industrial area than in the houses
far from the industrial area. While for the other metals, there were found no significant
differences. It has previously been reported that emissions of Cd mainly originate from
various industrial activities [18,52]. In addition, electronic waste recycling in electronic
industries also played a significant part in Cd contamination [52]. The differences in the
heavy metal concentrations in the different areas suggests that anthropogenic activities can
influence a variety of heavy metals.

Table 2. A comparison of heavy metals in indoor dust with previous studies.

Countries (n)
Heavy Metal Concentrations in Indoor Dust (mg kg−1)

Ref.
As Cd Cr Cu Mn Ni Pb Zn

35 Countries (n = 2265) a 25.3 128 264 333 77.6 224 1470 [17]
35 Countries (n = 2265) b 13.3 0.76 86 176 257 39 94 1110 [17]
Australia (n = 1310) a 31.9 105 232 336 49.4 305 1680 [17]
China (n = 111) a 17.3 134 242 245 70.6 161 1190 [17]
Ghana (n = 54) a 6.2 43.4 74.9 185 48 163 252 [17]
UK (n = 148) a 6.9 93.6 136 269 35.8 131 532 [17]
USA (n = 345) a 20.5 207 549 385 165.4 93.6 1785 [17]
Turkey (n = 85) b 4.41 0.35 23.8 65.7 65.9 32.3 27.5 263 [53]
Australia (n = 224) a 20.2 99.8 298 247 56.7 364 2437 [47]
Across China (n = 3392) b 15.6 2.73 85.9 136.2 40.7 161.5 602.7 [18]
Canada (n = 125) a 13 11 92 1900 250 60 4500 14,000 [54]
UK (n = 32) c 1.2 301 524 53.1 150 622 [55]
Japan (n = 100) c 1.02 67.8 304 226 59.6 57.9 920 [56]
Sukhothai, Thailand (n = 16) a 9 3 226 1051 [57]
Ubon Ratchathani, Thailand (n = 56) a 0.99 0.92 3.00 [58]
This study (n = 100) a 12.5 2.2 38.5 107.3 577.6 34.9 62.1 408.7
This study (n = 100) b 10.3 0.9 32.4 82.5 542.7 28.9 44.8 352.7

a Mean. b Median. c Geomean.

Table 3. A comparison of the heavy metal concentrations (mg kg−1) in indoor household dust in
urbanized areas, agricultural areas, and industrial areas in Chiang Mai and Lamphun provinces.

Areas
Median, IQR Concentration, (mg kg−1)

As Cd Cr Cu Mn Ni Pb Zn

Urbanized
Rural (agriculture) (79) 10.97, 5.89 0.89, 1.31 30.97, 18.00 79.18, 57.25 577.41, 284.14 27.37, 18.93 45.25, 29.18 332.33, 193.00

Urban (21) 8.80, 4.14 1.08, 1.53 41.89, 15.12 84.13, 57.58 461.83, 288.92 30.94, 17.36 44.16, 41.19 420.46, 234.74
p-Value 0.042 0.308 0.137 0.557 0.102 0.245 0.632 0.053

Industrial area nearby
Yes (21) 10.97, 6.20 1.37, 9.49 34.61, 16.33 81.83, 34.49 519.73, 205.02 29.86, 24.55 49.29, 31.13 384.10, 199.74
No (74) 10.25, 6.50 0.83, 1.18 31.41, 19.91 84.16, 63.33 573.72, 281.19 27.92, 16.89 42.18, 30.28 344.83, 214.65
p-Value 0.784 0.028 0.654 0.438 0.510 0.319 0.247 0.654

3.2. Source Identification of Heavy Metal in Indoor Household Dust

Source identification was conducted using source modeling of the enrichment factor
(EF) and positive matrix factorization (PMF). The EF values can indicate the sources of influ-
ence, whether anthropogenic activities or natural sources, on dust and soil concentrations
when compared to Mn as the crush metal [42].

The mean value of the EF for each heavy metal in the indoor household dust is shown
in Table 4. The EF values of the heavy metals in the indoor household dust are ranked in the
order of Cd (18.2) followed by As (11.1) > Zn (10.8) > Pb (8.0) > Cu (3.8) > Ni (0.8) > Cr (0.7).
The EF can indicate the natural conditions when the value is less than 2 and suggest an
anthropogenic influence when it is greater than 2 [59]. On the basis of the results, the
mean EF values indicated an extremely high enrichment of Cd, As, and Zn, which were
higher than 10, suggesting a significant enrichment level derived from anthropogenic
activity [59,60]. The EF values of Pb and Cu were between 2 and 10, indicating that these
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metals were lightly enriched and mainly originated from human activities. The EFs of Ni
and Cr were lower than 1, therefore, indicating that they certainly originated from natural
sources and were not affected by human activities. Regarding anthropogenic activities and
heavy metals, As, Cd, and Zn have been reported as potential metals from agricultural
chemical sources [50,51] and industrial activities [18,52]. Moreover, As, Pb, and Zn are
reportedly related to traffic emissions and motor vehicles [14,17,61]. Paint is associated with
increased As, Cu, Pb, and Zn in household dust [14,18,62,63]. Regarding natural sources, Cr
and Ni, in this study, were identified as contaminants from a natural origin, like natural soil.
Soil is the dominant contributor of Ni and Cr to household dust [40,56]. Nevertheless, some
heavy metals can originate from both natural and anthropogenic sources [64]. Moreover,
the simultaneous accumulation of metals from soil and anthropogenic sources can enhance
the enrichment of heavy metals in household dust, which may lead to increased EF values.

Table 4. The enrichment factor of heavy metals in indoor household dust.

Heavy Metals n
Enrichment Factor

Mean SD Median IQR Min. Max.

As 100 11.13 5.66 10.13 4.93 3.82 47.88
Cd 96 18.18 27.69 9.43 13.41 1.47 141.17
Cr 100 0.70 0.48 0.61 0.39 0.21 4.15
Cu 97 3.76 3.24 2.87 2.14 0.72 19.77
Ni 99 0.84 0.61 0.65 0.50 0.18 3.60
Pb 100 7.99 5.14 6.48 5.03 2.41 27.99
Zn 99 10.84 7.68 9.21 8.77 1.85 51.82

For further source identification, the PMF model was employed. The results show the
heavy metals in the house dust in this study mainly came from five sources. The factor
fingerprints plot (Figure 3) illustrates the distribution of the metal species by the various
sources and provides the percentage contribution of the metal species according to the
various sources. Factor profiles are shown in Figure 3. Factor 1 explains 19.01%, factor 2
explains 15.83%, factor 3 explains 21.64%, factor 4 explains 13.24%, and factor 5 explains
30.28% of all data for the heavy metals in the indoor household dust.

 
(a) (b) 

Figure 3. Factor profiles and factor fingerprints plot of 8 heavy metals in the indoor household dust
in this study: (a) factor fingerprints plot; (b) factor profiles.
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Factor 1 was dominated by Pb, which was attributed to traffic emissions and the paint-
ing of houses. It has been reported that Pb is primarily related to leaded gasoline usage, and
it is associated with house dust in homes with a high traffic density nearby [17,40,61,65,66].
Paint and coating materials were also related to the higher concentration of Pb in house
dust [14,18,66,67].

As and Mn were high in concentration, as explained by factor 2, representing natural
soil and agriculture. Soil and the Earth’s crust are the most important sources of these
metals [17,40,64].

Factor 3, represented by Cu, was caused by paint pigment in houses. The As, Cu, Pb,
and Zn in the household dust were also associated with colored paints for houses, building
materials, and stainless steel used in household furniture [14,17,62]. Wall paint and coating
materials may lead to the accumulation of Cu in house dust, especially green paint [63].

Factor 4 was dominated by Cd, which is attributed to cigarette smoking. Several stud-
ies have reported tobacco smoking to be an important factor of elements enriched in house
dust, particularly Cd, Ni, Pb, and Zn [14,68], as cigarettes contain these elements [69,70].
However, Cd is also used in color pigments for paints and coating materials [14,18], and
they originate from agricultural chemicals, traffic emissions, and wildfires [14,17,18,50].
Probably, the sources of Cd are not only contamination from tobacco smoke but also from
other mixed sources.

Factor 5 may be identified as multiple sources or a complex mixture of outdoor sources
including natural sources of Cr and Ni and anthropogenic sources of Zn. It has been
reported that Cr and Ni can originate from soil [17,64]. Moreover, Zn in household dust has
been related to outdoor agriculture [50], motor vehicles [14], and paint [18]. Additionally,
the very high enrichment of Zn content might not be of natural origin and must come from
either industrial emissions [17] or from the geological background of this area.

3.3. Health Risk Assessment

The human health risks of carcinogenic and noncarcinogenic risks were calculated as
a result of exposure to heavy metals in indoor household dust via inhalation, ingestion,
and dermal contact routes. The calculated carcinogenic and noncarcinogenic risks of the
heavy metals are shown in Tables 5 and 6, respectively. For the noncarcinogenic risk, the
hazard quotient (HQ) exhibits the main risk of the heavy metals in the household dust
from ingestion, followed by the dermal contact and inhalation exposure pathways. Except
for only Cu in adults and Mn in children, the highest exposure pathway was ingestion
followed by inhalation and dermal contact. The hazard index (HI) or overall health risk
attributable to exposure to heavy metals in household dust via all tree pathways in adults
and children were in the same order as As > Mn > Pb > Cr > Cd > Cu > Ni > Zn. On the
basis of these results, in rural and urban areas, the overall HI values of all heavy metals in
adults were lower than 1, suggesting that the heavy metals in household dust were within
tolerable limits or had no effect on noncarcinogenic risk in this study. However, the HI
in children exhibited noncarcinogenic risk primarily through ingestion. Suggesting that
there was a possibility of noncarcinogenic effects in children in this area from heavy metal
exposure. The finding of noncancer risk only in children may be due to children exhibiting
a greater vulnerability to indoor heavy metal contamination than adults. This susceptibility
is attributed to their lower body weight and higher dust ingestion rates resulting from
increased physical activity [17,18]. Consequently, children face a higher health risk from
indoor heavy metals than adults.
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Table 5. Noncarcinogenic risk or hazard quotient (HQ) of 8 heavy metals in household dust in Chiang
Mai and Lamphun provinces.

Heavy
Metal

Noncarcinogenic Risk

Adult Child

HQing HQinh HQdermal HI HQing HQinh HQdermal HI

As 6.20 × 10−2 1.49 × 10−4 1.81 × 10−2 8.02 × 10−2 5.21 × 10−1 2.91 × 10−4 1.81 × 10−2 5.39 × 10−1

Urban 5.79 × 10−2 1.39 × 10−4 1.69 × 10−2 7.49 × 10−2 4.86 × 10−1 2.72 × 10−4 1.69 × 10−2 5.03 × 10−1

Rural 6.31 × 10−2 1.51 × 10−4 1.84 × 10−2 8.17 × 10−2 5.30 × 10−1 2.96 × 10−4 1.84 × 10−2 5.49 × 10−1

Cd 1.09 × 10−2 2.29 × 10−4 1.74 × 10−3 1.28 × 10−2 9.14 × 10−2 4.48 × 10−4 8.68 × 10−3 1.01 × 10−1

Urban 3.23 × 10−3 6.79 × 10−5 5.15 × 10−4 3.81 × 10−3 2.71 × 10−2 1.33 × 10−4 2.57 × 10−3 2.98 × 10−2

Rural 1.29 × 10−2 2.72 × 10−4 2.06 × 10−3 1.53 × 10−2 1.09 × 10−1 5.32 × 10−4 1.03 × 10−2 1.19 × 10−1

Cr 1.94 × 10−2 6.99 × 10−5 3.88 × 10−3 2.34 × 10−2 1.63 × 10−1 1.37 × 10−4 1.94 × 10−2 1.83 × 10−1

Urban 2.09 × 10−2 7.50 × 10−5 4.16 × 10−3 2.51 × 10−2 1.75 × 10−1 1.47 × 10−4 2.08 × 10−2 1.96 × 10−1

Rural 1.90 × 10−2 6.85 × 10−5 3.80 × 10−3 2.29 × 10−2 1.60 × 10−1 1.34 × 10−4 1.90 × 10−2 1.79 × 10−1

Cu 4.99 × 10−3 3.47 × 10−5 6.64 × 10−5 5.09 × 10−3 4.19 × 10−2 6.79 × 10−5 3.32 × 10−4 4.23 × 10−2

Urban 3.88 × 10−3 2.70 × 10−5 5.16 × 10−5 3.96 × 10−3 3.26 × 10−2 5.28 × 10−5 2.58 × 10−4 3.29 × 10−2

Rural 5.29 × 10−3 3.68 × 10−5 7.04 × 10−5 5.40 × 10−3 4.44 × 10−2 7.20 × 10−5 3.51 × 10−4 4.49 × 10−2

Mn 3.64 × 10−2 2.10 × 10−3 1.90 × 10−3 4.04 × 10−2 3.06 × 10−1 4.10 × 10−3 9.47 × 10−3 3.20 × 10−1

Urban 3.19 × 10−2 1.83 × 10−3 1.66 × 10−3 3.53 × 10−2 2.68 × 10−1 3.59 × 10−3 8.28 × 10−3 2.79 × 10−1

Rural 3.77 × 10−2 2.17 × 10−3 1.96 × 10−3 4.18 × 10−2 3.16 × 10−1 4.24 × 10−3 9.79 × 10−3 3.30 × 10−1

Ni 2.69 × 10−3 3.13 × 10−7 3.97 × 10−5 2.73 × 10−3 2.26 × 10−2 6.12 × 10−7 1.98 × 10−4 2.28 × 10−2

Urban 2.94 × 10−3 3.42 × 10−7 4.35 × 10−5 2.98 × 10−3 2.47 × 10−2 6.70 × 10−7 2.17 × 10−4 2.49 × 10−2

Rural 2.62 × 10−3 3.05 × 10−7 3.87 × 10−5 2.66 × 10−3 2.20 × 10−2 5.97 × 10−7 1.93 × 10−4 2.22 × 10−2

Pb 2.68 × 10−2 3.19 × 10−6 7.12 × 10−4 2.75 × 10−2 2.25 × 10−1 6.25 × 10−6 3.56 × 10−3 2.28 × 10−1

Urban 2.81 × 10−2 3.34 × 10−6 7.46 × 10−4 2.88 × 10−2 2.36 × 10−1 6.55 × 10−6 3.73 × 10−3 2.39 × 10−1

Rural 2.64 × 10−2 3.15 × 10−6 7.03 × 10−4 2.71 × 10−2 2.22 × 10−1 6.17 × 10−6 3.51 × 10−3 2.25 × 10−1

Zn 2.11 × 10−3 2.53 × 10−7 4.22 × 10−5 2.16 × 10−3 1.78 × 10−2 4.96 × 10−7 2.11 × 10−4 1.80 × 10−2

Urban 2.66 × 10−3 3.18 × 10−7 5.30 × 10−5 2.71 × 10−3 2.23 × 10−2 6.24 × 10−7 2.65 × 10−4 2.26 × 10−2

Rural 1.97 × 10−3 2.36 × 10−7 3.93 × 10−5 2.01 × 10−3 1.65 × 10−2 4.62 × 10−7 1.96 × 10−4 1.67 × 10−2

Total 1.65 × 10−1 2.58 × 10−3 2.65 × 10−2 1.94 × 10−1 1.39 5.06 × 10−3 5.99 × 10−2 1.45
Urban 1.51 × 10−1 2.15 × 10−3 2.41 × 10−2 1.78 × 10−1 1.27 4.20 × 10−3 5.30 × 10−2 1.33
Rural 1.69 × 10−1 2.70 × 10−3 2.71 × 10−2 1.99 × 10−1 1.42 5.28 × 10−3 6.17 × 10−2 1.49

Table 6. Carcinogenic risk (CR) and lifetime cancer risk (LCR) of 8 heavy metals in household dust in
Chiang Mai and Lamphun provinces.

Heavy
Metals

Carcinogenic Risk (CR)

Adult Child

CRing CRinh CRdermal LCR CRing CRinh CRdermal LCR

As 5.02 × 10−5 1.27 × 10−8 2.73 × 10−6 5.30 × 10−5 3.18 × 10−4 3.18 × 10−9 2.73 × 10−6 3.21 × 10−4

Urban 4.69 × 10−5 1.19 × 10−8 2.55 × 10−6 4.94 × 10−5 2.97 × 10−4 2.96 × 10−9 2.55 × 10−6 2.99 × 10−4

Rural 5.11 × 10−5 1.29 × 10−8 2.78 × 10−6 5.39 × 10−5 3.24 × 10−4 3.23 × 10−9 2.78 × 10−6 3.26 × 10−4

Cd 7.44 × 10−6 1.22 × 10−5 5.39 × 10−7 2.02 × 10−5 4.71 × 10−5 3.05 × 10−6 5.39 × 10−7 5.07 × 10−5

Urban 2.21 × 10−6 3.61 × 10−6 1.60 × 10−7 5.98 × 10−6 1.40 × 10−5 9.04 × 10−7 1.60 × 10−7 1.50 × 10−5

Rural 8.84 × 10−6 1.45 × 10−5 6.41 × 10−7 2.39 × 10−5 5.60 × 10−5 3.62 × 10−6 6.41 × 10−7 6.02 × 10−5

Cr 5.25 × 10−5 3.89 × 10−4 9.50 × 10−8 4.41 × 10−4 3.32 × 10−4 9.72 × 10−5 9.50 × 10−8 4.29 × 10−4

Urban 5.63 × 10−5 4.18 × 10−4 1.02 × 10−7 4.74 × 10−4 3.57 × 10−4 1.04 × 10−4 1.02 × 10−7 4.61 × 10−4

Rural 5.14 × 10−5 3.81 × 10−4 9.32 × 10−8 4.33 × 10−4 3.26 × 10−4 9.53 × 10−5 9.32 × 10−8 4.21 × 10−4

Ni 1.49 × 10−5 2.22 × 10−9 1.59 × 10−7 1.51 × 10−5 9.43 × 10−5 5.55 × 10−10 1.59 × 10−7 9.45 × 10−5

Urban 1.63 × 10−5 2.43 × 10−9 1.75 × 10−7 1.65 × 10−5 1.03 × 10−4 6.07 × 10−10 1.75 × 10−7 1.03 × 10−4

Rural 1.45 × 10−5 2.16 × 10−9 1.55 × 10−7 1.47 × 10−5 9.20 × 10−5 5.41 × 10−10 1.55 × 10−7 9.21 × 10−5

Pb 1.43 × 10−6 1.79 × 10−10 6.42 × 10−8 1.50 × 10−6 9.08 × 10−6 4.46 × 10−11 6.42 × 10−8 9.14 × 10−6

Urban 1.50 × 10−6 1.87 × 10−10 6.73 × 10−8 1.57 × 10−6 9.52 × 10−6 4.68 × 10−11 6.73 × 10−8 9.58 × 10−6

Rural 1.42 × 10−6 1.76 × 10−10 6.33 × 10−8 1.48 × 10−6 8.96 × 10−6 4.41 × 10−11 6.33 × 10−8 9.03 × 10−6

Total 1.26 × 10−4 4.01 × 10−4 3.59 × 10−6 5.31 × 10−4 8.01 × 10−4 1.00 × 10−4 3.59 × 10−6 9.05 × 10−4

Urban 1.23 × 10−4 4.21 × 10−4 3.05 × 10−6 5.47 × 10−4 7.80 × 10−4 1.05 × 10−4 3.05 × 10−6 8.89 × 10−4

Rural 1.27 × 10−4 3.96 × 10−4 3.73 × 10−6 5.27 × 10−4 8.06 × 10−4 9.89 × 10−5 3.73 × 10−6 9.09 × 10−4

For the carcinogenic risks, As, Cd, Cr, Ni, and Pb are known as carcinogenic metals [35].
Hence, the carcinogenic risks of these metals in the indoor household dust were calculated.
The overall total risk or lifetime cancer risk (LCR) of carcinogenic heavy metal exposure
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was highest in the inhalation pathway, followed by ingestion and dermal contact pathways,
respectively. In adults, the LCR values via the three pathways decreased in the following
order: Cr > As > Cd > Ni > Pb. From the calculation, Cr exhibited a carcinogenic risk
through inhalation in rural and urban areas. The total carcinogenic risks of the eight metals
were found in the ingestion and inhalation pathways, while there was no cancer risk in the
dermal contact pathway. On the basis of these results, the inhalation exposure pathway
showed a higher cancer risk than the ingestion pathway. The higher inhalation risk may be
due to the inhalation cancer risk from Cr exposure (3.89 × 10−4) that was more significant
than 1 × 10−4, an unacceptable level for carcinogenic risk, while Cd, As, Ni, and Pb were
between 1 × 10−4 and 1 × 10−6, which are regarded as acceptable or tolerable risks. Hence,
this study indicates that inhaled Cr in indoor household dust poses a cancer risk and
suggests the inhalation of Cr in household dust is the dominant exposure pathway to an
attributable risk to cancer in adults in this region. An unacceptable level of Cr in indoor
dust was found in most cities in China, Turkey, Australia, and New Caledonia and was
most dominant through the inhalation pathway [17,18,47,71]. In epidemiologic studies,
Cr was reported to be correlated with lung cancer, usually in chromate-related occupational
workers [72–74]. Chromium (VI) compounds are also classified as group 1 carcinogenic
to humans, and there is sufficient evidence causing lung cancer [35]. Even though there
are two common forms of Cr, including Cr(VI) and Cr(III), Cr(VI) was the primary toxicity
of Cr exposure. In addition, the proportions of Cr(VI) to Cr(III) can vary widely, ranging
from 0.5 to 2.5 [75], and are influenced by factors such as pH, chemical reactions, biological
processes, and environmental conditions [76]. Hence, the parameters for the health risk
assessment of Cr in household dust in this study were from Cr(VI) due to the greater toxicity
that might be higher than the actual risk. In addition, cancer risk through inhalation was
higher in urban areas than rural areas, while the carcinogenic risk via ingestion was higher
in rural areas than urban areas. This may be due to the higher concentration of Cr in urban
areas that positively correlated to the city area [17,77]. Consequently, this study suggests
that 5.3 in 10,000 adults (4 from inhalation and 1.3 from ingestion exposure) may develop
any cancer from lifetime exposure to these heavy metals in indoor household dust. It is
important to note that the carcinogenic risk from inhalation of Cr may be the crucial factor
for the high incidence of respiratory diseases, such as COPD, asthma, and lung cancer, in
this region of Northern Thailand [78]. Moreover, lung cancer is reported to have a high
incidence in Northern Thailand and continues to have significantly higher incidence and
mortality annually compared to the other parts [78–80]. Interestingly, heavy metals such as
Cr in household dust might be another cause of respiratory diseases development in this
region, particularly lung cancer.

In children, the overall LCR value of the three pathways decreased in the following
order: Cr > As > Ni > Pb > Cd. On the basis of the results, As (LCR = 3.21 × 10−4), Cr
(LCR = 4.29 × 10−4), and Ni (CRing = 1.03 × 10−4) exhibited carcinogenic risks in children
in this study. Through ingestion, As and Cd showed cancer risk in urban and rural areas,
while Ni revealed a cancer risk only in urban areas. Likewise, Cr via inhalation was
found only to show a cancer risk in urban areas. This might be due to urban areas having
higher levels of these metals [17], as well as the correlation with vehicle emissions in the
city [14,61,81]. The carcinogenic risks in children were different from those in adults, and
it was found that the dominant risk was greater through ingestion than in the inhalation
pathway. This is due to children’s behaviors, which lead to higher dust ingestion rates, and
lower body weights than adults [17,18]. From the overall LCR, this study suggests that 9 in
10,000 children (8 from ingestion and 1 from inhalation exposure) may develop any cancer
from lifetime exposure to these heavy metals in indoor household dust.

4. Conclusions

This study investigated indoor pollutants, with a particular focus on heavy metal con-
tamination in household dust as a significant health risk factor. The study was conducted in
Chiang Mai and Lamphun provinces in Northern Thailand, encompassing urban, industrial,
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and agricultural areas and contributions to heavy metal pollution through various activities.
The research found elevated concentrations of heavy metals in indoor household dust, with
Mn showing the highest concentration, followed by Zn > Cu > Pb > Cr > Ni > As > Cd.
Using the EFs and PMF, we identified the sources of the heavy metals in the indoor dust,
which indicated that Cd, As, and Zn were significantly enriched by anthropogenic activities,
while Pb and Cu showed moderate enrichment. Factors such as traffic emissions, painting,
agriculture, and industrial activities were identified as key contributors to heavy metal
contamination in the household dust. Health risk assessments were conducted for both the
carcinogenic and noncarcinogenic risks associated with the heavy metals’ exposure. The re-
sults suggest that the noncarcinogenic risks, primarily from ingestion, could pose potential
health effects in children. For adults, the noncarcinogenic risks were generally within toler-
able limits. Regarding the carcinogenic risks, Cr exposure through inhalation was identified
as the most significant risk for adults. Urban areas exhibited higher inhalation risks due to
elevated Cr concentrations and associated vehicle emissions. In children, the carcinogenic
risks were observed primarily through ingestion, with significant risks associated with
As, Cr, and Ni. This study demonstrates the health risks from heavy metals exposure
via indoor household dust in both children and adults from Chiang Mai and Lamphun
provinces, Northern Thailand. These findings support the previous scientific knowledge
that heavy metals in indoor house dust can be a risk to human health, particularly cancer
risks. To the best of our knowledge, our study is the first of its kind with a sample size of
hundred and eight heavy metals from Thailand. However, the exposure assessment among
both adults and children in high-risk areas is worth being further explored.
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Abstract: In order to validate the applicability of pXRF for rapid in situ detection of heavy metals in
urban soils and to accurately obtain an assessment of soil quality in Changchun, a city in northeast
China, 164 soil samples from within the main urban area of Changchun were collected for pXRF
analysis. The main stable elements Si and Ti were used to establish a matrix effect correction model,
and the values of Cr (64.2 mg·kg−1), Cu (43.8 mg·kg−1), Zn (96.2 mg·kg−1), As (20.9 mg·kg−1), and
Pb (57.4 mg·kg−1) were predicted. The empirical findings indicate that the quality of soil data from
the pXRF was improved to different degrees under the correction model, and it became a relatively
reliable dataset; the order of improvement was Cu > Pb > Cr > Zn > As. A comprehensive assessment
indicated that Changchun City is primarily contaminated by the heavy metals As, Pb, and Cu, with
the main sources being automobile manufacturing and pharmaceutical chemical production. These
findings align with previous studies and have produced favorable outcomes in practical applications.
This rapid, non-destructive and economical detection method is very applicable and economical for
the sustainable monitoring and control of heavy metals in large cities. This study provides a basis for
rapid large-scale prediction of urban soil safety and protection of local human health.

Keywords: portable instruments; correction quality; soil investigation of quality; pollution index;
Leopold Matrix

1. Introduction

Urban soil is an organic component of the urban ecological system and the part of the
pedosphere most affected by human activities. Large urban populations and community
activities result in heavy metal contaminants entering the ground from various sources [1].
These sources include industrial activities, the use of wastewater for irrigation, vehicle
emissions, and the extraction of metallic mineral resources [1–3]. In addition to these
sources, the heavy metal content in urban areas is also influenced by background sedi-
mentation and soil-forming matrices [4]. Soil organic matter exhibits a strong capacity for
adsorbing heavy metals [5]. In general, heavy metal concentrations are higher in roadside
soils compared to urban parks, and in urban areas compared to agricultural soils of the
same parent material in remote suburban regions. Numerous studies have indicated that
Cu and Zn levels are particularly significant in residential and mixed-use areas, while Pb
and Cd levels tend to be elevated near industries and businesses associated with heavy
metals [6]. Various human activities, such as heating and waste disposal, exert differing im-
pacts on the concentrations of these heavy metals. Solid particulate matter from industrial
activities enters the atmosphere, where it can be deposited and subsequently migrate to
water bodies through rainfall runoff [7]. This process facilitates the accumulation of heavy
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metals in urban environments. The limited capacity of urban soils, combined with the slow
rate of internal material cycling, further impedes the degradation of heavy metals, thereby
posing significant risks to human health. Exposure can occur through oral ingestion, skin
contact, and inhalation, leading to a range of health issues. For instance, As and Cr are
highly carcinogenic, while Pb, Cu, and Zn are associated with blood disorders and nervous
system diseases [8]. This presents a significant risk to the well-being and existence of the
urban community. Given its central role in the population and that it is closely related to
human survival and health, it is crucial to promptly detect and address soil contamination
in urban regions [9,10].

However, traditional laboratory analyses, such as Inductively Coupled Plasma Mass
Spectrometry (ICP-MS), have long detection times, complicated operations, and require
experimental consumables such as acid reagents [3]. This not only incurs high economic
costs but also easily leads to further pollution. Portable energy dispersive X-ray fluorescence
(pXRF) instruments are known for their rapid detection and low-cost, non-destructive
analysis, making them suitable for in situ heavy metal detection in the field and real-time
acquisition of soil geochemical data [11–14]. The accuracy of pXRF analysis is limited by
matrix effects that are inherent and cannot be completely eradicated, making it challenging
to directly compare its accuracy to that of conventional laboratory analysis techniques [15,16].
By increasing the sample size and implementing rigorous calibration methods, the precision
of pXRF analysis technology can be enhanced to fulfil the requirements of large-scale urban
pollution assessment [17]. Currently, there are two main types of calibration method: one
involves experimental operations, such as the standard built-in method and dilution method
for suppression, while the other utilizes mathematical modelling, including linear regression
and neural network methods [18]. The practical implementation of the experimental method
is complex and time-consuming, especially when working with a large number of samples.
Accordingly, a new matrix effect correction mathematical model method for calibration has
been developed, which is more suitable and convenient for the timely implementation of
experimental decisions, such as the design of an encrypted sampling grid and the conducting
of repeated experiments.

PXRF technology has significant potential for application in alloy analysis, archaeo-
logical research, and mining ore detection [19]. Although urban soils have been studied
by experts in the past, they tend to be mostly in suburban areas and forested farmland
near cities, etc., and there are relatively few examples of rapid contamination monitoring
using pXRF in medium- to large-scale major built-up areas of cities [20]. In the last five
decades, Changchun, an important city in northeast China in terms of its urbanized area,
has experienced urbanization fueled by industrial development [21]. Many factories have
been established that may discharge a large number of heavy metals, among which the
main pollutants associated with urbanization are chromium (Cr), copper (Cu), zinc (Zn),
arsenic (As), and lead (Pb) in Changchun, and these five metals pollute the soil more
commonly than other heavy metals [22,23]. We hypothesized that pXRF data after cor-
rection could accurately represent the heavy metal content in the soil, with an accuracy
comparable to that of traditional elemental measurements, thereby meeting the standards
for quantitative analysis. Changchun, a typical industrialized city in China, is affected by
various urban activities, which may lead to heavy metal concentrations in the soil that
exceed safety standards and potentially jeopardize the health of residents. Therefore, timely
monitoring to detect contamination is essential. The use of pXRF effectively addresses
these monitoring needs, making it an appropriate solution for this purpose. To test this
hypothesis, we applied pXRF in situ analysis, predicted the estimates under the constructed
correction model, and used multiple evaluation factors to judge the accumulation level of
elements. Additionally, the research provides a reference for analyzing other heavy metal
elements and includes technical details on implementing this method in fieldwork. This
was conducted with the objective of ensuring the safety and health of the local population.
In light of the aforementioned findings, recommendations have been formulated pertaining
to this matter. Therefore, the objectives of this paper are 1. to assess the applicability of
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pXRF for analyzing heavy metal content in urban soils; and 2. to evaluate the soil quality
of Changchun City based on the precise data obtained.

2. Materials and Methods

2.1. Overview of the Study Area

This research was conducted in the urban area of Changchun (124◦18′–127◦02′ E,
43◦05′–45◦15′ N), which is the capital city of Jilin province, located in the hinterland of the
Songnen Plain and which serves as the geographical core of northeast China (Figure 1) [24].
Changchun has a temperate continental semi-humid climate, with an average annual
temperature of 4.8 ◦C, annual precipitation ranging from 600–700 mm, and a freeze period
lasting for 5 months annually [25,26]. According to the WRB standards and the China Soil
Database, the main inherent soil types in Changchun are black soils and meadow black
soils. According to the National Standard of the People’s Republic of China (HJ962-2018),
the potentiometric method is mainly used for the determination of soil pH, and the water–
soil ratio is 2.5:1, while the method for the determination of soil organic matter is mainly
the potassium dichromate oxidation method [27–29]. The soil type in the eastern part
of Changchun City is alfisol, primarily characterized by a clay loam texture, a pH level
generally around 7.0, and low organic matter content. In the central area of Changchun,
the soil is phaeozem, which has a loamy clay texture, with a pH range of 7.1 to 7.5 and an
organic matter content exceeding 2.0%. In the western region, the soil type is Chernozem,
featuring an organic matter content greater than 2.0% in the topsoil. This soil typically
exhibits weak alkalinity, with a topsoil pH of approximately 7.0, and has a texture of either
loamy clay or sandy clay. Before the development of the urban area, the predominant
soil types included black soil, meadow soil, and meadow black soil. The soil pH in the
Changchun urban area ranged from 7.5 to 8.1, indicating a weakly alkaline condition.
Additionally, the soil texture was primarily medium loamy, characterized by a deficiency
in organic matter. The city covers an area of built districts of approximately 551.38 km2. It
has a permanent population of 9,087,200, consisting of 3,575,300 urban inhabitants, with an
urbanization rate of 66.8% in 2022. Changchun, recognized as the cradle of the automobile
manufacturing industry, has produced and assembled a total of 1.56 million automobiles
as of 2023. Additionally, it serves as a biomedical hub, boasting an industrial scale of
97.8 billion yuan and a comprehensive industrial chain encompassing medical devices and
chemical pharmaceuticals [30]. The city boasts a comprehensive array of industrial facilities,
including machinery manufacturing, biomedical equipment, chemical manufacturing, bus
manufacturing, power and heat production, and other related sectors [31,32].

2.2. Sampling and Analysis
2.2.1. Sampling and Analysis with Sensors (pXRF)
Quality Assurance and Quality Control (QA/QC)

To ensure the usability of the data for decision-making purposes, this study conducted
tests on international standard samples to verify the accuracy and precision of the data.
The international standard geochemical analysis sample number used for this analysis is
the GSS for Soil Geochemical Standard. A total of 18 international standard geochemical
samples were used in this study for quality control purposes (Table 1). In order to ensure
temporal and spatial consistency in the data analyses, standards are analyzed concurrently
with the soil samples. The calibration of these standards is conducted approximately
every ten soil samples. The standard samples are placed in a slightly flattened cylindrical
container, covered with a film, and subsequently tested using pXRF.
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Figure 1. Map of the study area and distribution of soil sampling points. (a): Map of Administrative Areas
in China, (b): Map of Administrative Areas in Jilin Province, (c): Changchun main urban area map.

Table 1. Results of certified values of national standard soil geochemical samples (St) and test values
of pXRF (pXRF).

Cr
(pXRF)

Cr
(St)

Cu
(pXRF)

Cu
(St)

Zn
(pXRF)

Zn
(St)

As
(pXRF)

As
(St)

Pb
(pXRF)

Pb
(St)

Si %
(pXRF)

Si
(St)

Ti
(pXRF)

Ti%
(St)

GSS-1a 51.2 44.00 55.0 42.00 677.0 475.00 48.6 33.00 421.8 339.00 30.62 26.46 3956.4 0.326
GSS-1 45.0 47.00 21.60 21 863.8 680 44.4 34 102.6 98 30.47 29.263 5885.2 0.483
GSS-2 370.8 410.00 30.0 16.30 45.2 42.00 16.6 13.70 - 20.00 33.87 34.29 2954.2 0.271
GSS-3 70.8 70.00 14.00 11.4 19.6 31 - 4.4 20.0 26 34.88 34.929 2378.2 0.224
GSS-4 31.6 25.00 18.00 40 214.4 210 73.0 58 62.8 58 23.42 23.817 13,798.2 1.080
GSS-5 36.8 43.00 118.0 144 605.4 494 530.8 412 690.6 552 24.04 24.575 7633.4 0.629
GSS-6 50.4 57.00 478.60 390 101.2 97 302.2 220 371.0 314 25.09 26.613 5556. 0.439
GSS-7 63.4 82.00 91.4 97.00 149.6 142.00 - 4.80 18.8 14.00 16.25 15.28 25,629.0 2.020
GSS-8 61.0 62.00 18.00 24.3 60.4 68 17.0 12.7 - 21 28.65 27.398 4510.20 0.380
GSS-14 51.2 66.00 29.0 27.40 109.4 96.00 - 6.50 32.6 31.00 30.28 30.16 4700.0 0.406
GSS-17 45.0 61.00 20.4 12.60 28.2 29.00 11.6 6.20 - 17.40 36.17 36.60 1874.0 0.191
GSS-20 80.0 92.00 25.4 28.00 54.6 61.00 11.2 8.70 - 13.40 24.09 22.10 3392.6 0.330
GSS-22 62.4 62 19.8 18.30 65.6 59.00 13.8 7.80 25.0 26.00 32.61 31.90 4395.8 0.380
GSS-23 28.20 32 40.4 32.00 122.4 97.00 20.8 11.80 - 28.00 29.954 27.95 5946.4 0.500
GSS-24 351.40 370 31.6 28.00 96.2 81.00 24.0 15.80 30.2 40.00 32.130 32.31 5361.4 0.450
GSS-25 166.40 118 24.0 23.60 75.8 66.00 17.6 12.90 - 22.00 30.894 28.48 4494.2 0.390
GSS-26 122.20 75 21.8 19.10 68.2 62.00 12.5 8.90 - 21.00 32.830 30.92 4539.0 0.410
GSS-27 64.60 68 52.8 54.00 153.4 127.00 17.7 13.30 44.0 41.00 29.324 27.52 7457.8 0.640

Notes: Unless otherwise indicated, units are in mg·kg−1.

For the testing, a portable energy-dispersive X-ray fluorescence spectrometer (X-Met
7500) manufactured by the Oxford Instruments Group in the UK was used. The device
operated at a voltage of 40 KV, a current of 60 mA, and possessed a maximum power output
of 2.4 kW [13]. Additionally, the instrument was equipped with a fourth-generation Silicon
Drift Detector (SDD) and a Rhodium (Rh) anode target [33,34]. It also offered the option to
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select the soil test modes Soil-Mining_fp and Mining_LE_FP, which were based on the basic
parameter method and empirical coefficient method (they are usually inbuilt algorithms
carried out by the manufacturer). The standard sample was placed in the pXRF scan 5 times;
each time the analysis duration was 60 s, and the final average value was obtained as the
pXRF analysis result. We performed a simple linear fit using the standard values of the
standard samples (quality guaranteed by the quality analysis of the national production
unit) and the results of the pXRF test and found that the fit was in accordance with the test
(R2 > 0.95). The results of the analyses of the international standard geochemical samples
are shown in Table 1 below. The calculated R2 values for the elements Cr, Cu, Zn, As, and
Pb are 0.963, 0.978, 0.992, 0.999, and 0.999, respectively. The recovery rate is 100%, except
Pb, which is also 62%. This is considered an acceptable level of reporting rate for general
research [33]. This quality control and assurance demonstrate that the pXRF data from
this study are credible and comparable to studies by other researchers in our experimental
group for both conventional laboratory XRF and the pXRF used in the experiments [35].
The detection limit and RSD of portable XRF is Cu (10 mg·kg−1, 6.3%), Cr (10 mg·kg−1,
8.6%), Zn (5 mg·kg−1, 15.4%), As (4 mg·kg−1, 12.5%), and Pb (5 mg·kg−1, 7.4%).

Analysis of Soil Samples

During the sample collection process, sampling points were systematically distributed
based on a grid pattern, with each point spaced at 2 km intervals. Surface soil within the
study area was excavated, and soil samples were obtained at a depth of 0–20 cm using
a stainless-steel spade. Additionally, soil specimens were gathered from 3 to 5 different
locations surrounding each sampling point, combined, and thoroughly mixed to create a
composite sample after the removal of any extraneous materials such as branches, twigs,
and leaves. A total of 164 samples were acquired for this study, consisting of 156 samples
from the primary urban zone and 8 samples as the background soil from Ring Express
(Figure 1c).

For the pXRF test, after removing stones, wood splinters, or some extraneous matter,
placing it in a cloth bag and tapping it evenly with a wooden stick, and air-drying it in the
sun for about ten minutes, then the air-dried sample was placed into a short cylindrical
plastic cup with a diameter of 50 mm and a depth of 20 mm and flattened evenly with
paper to facilitate scanning [36]. The experiment was replicated five times at distinct and
uniformly distributed locations within a sample. Each test lasted for 60 s, resulting in a
total of 600 s for one sample measurement. Finally, the mean value of the five times was
calculated as the final result. Based on previous data-processing experience, we filled in the
missing data for undetected samples with half the minimum value of the test [37]. To obtain
the necessary data, we stored the remaining soil samples and sent them to a laboratory
for conventional testing, which included ICP-MS test methods. The study measured the
Cr, Cu, Zn, As, and Pb contents using pXRF, in addition to the major elements selected
based on element correlation analysis, which included Si and Ti. The experimental data
satisfy the precision criteria for data adequacy. The findings from the study of variance
(ANOVA) revealed a statistically significant disparity (p < 0.05) between the in situ portable
XRF measurements and the conventional laboratory data obtained (ICP-MS).

2.2.2. Data Processing and Methods
Calculation of the Correction for Matrix Effects

In theory, the matrix effect arises from various factors. In the context of chemical
analysis, the matrix effect refers to the influence on an analytical method caused by all other
components of the sample except the specific compound being quantified; the content of
an element is affected by all elements except the element being measured [38]. In the actual
calculation process, due to the problems of calculation workload and accuracy, it is compli-
cated to calculate all elements one by one. Simplification of the original Sherman equation
can help minimize spectral noise and address spectral interferences when analyzing the
multi-variable XRF spectra (Equation (1)).
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According to the stability tested by the instrument, the main elements such as Si and
Ti could be selected as the primary correction indicators in this paper. They have a high
content, are minimally influenced by other elements, and are relatively stable in the crust.
Multivariate linear matrix effect correction was then carried out on the remaining elements
to be measured. On one hand, the impact of the outlier on the correction results diminished
compared to the traditional linear regression method (LR); on the other hand, the calculated
quantity was simplified.

C′
i = αiCi + β jSi + γzTi + μi (1)

where C′
i is the corrected content of heavy metals, (element i) is the predicted value, Ci is

the content of elements established by pXRF, Si and Ti is the test content established by
pXRF, αi is the regression coefficient of heavy metal element i, βj and γz are the influence
coefficients of the major element Si and element Ti, and μi is the regression intercept of
heavy metal element i (Equations (2)–(5)) [39,40], all of which are employed by multivariate
partial least squares regression and multiple linear regression.

Mi = Ci − ∑k
Cik
k

(2)

αi =
(∑k M′

ikMik)
(

∑k M2
jk

)
− (∑k M′

ikMjk)(∑k MikMjk)

(∑k C2
ik)(∑k Cjk)− (∑k CikCjk)

2 (3)

βj =

(
∑k M′

ikMjk

)
(∑k M2

ik)− (∑k M′
ikMik)(∑k MikMjk)

(∑k C2
ik)(∑k C2

jk)− (∑k CikCjk)
2 (4)

μi =
(∑k C′

ik)− αi(∑k Cik)− βj(∑k Cjk)

k
(5)

where n is the number of samples and Cik and Cjk are the testing values of elements i and j
in sample k, respectively [41]. The testing values of i and j are zero-centered to Mik and Mjk
(Equations (6) and (7)) [42]. Correlation coefficients can be calculated by testing standard
samples before testing due to instrument commissioning. Given the complexity of these
calculations, this study employs software (such as IBM SPSS Statistics 21.0) that provides
such analyses through a streamlined one-step process, as opposed to manual calculations.
This approach not only alleviates computational challenges but also enhances accuracy.

Mik = Cik − ∑n
k=1 Cik

k
(6)

Mij = Cjk −
∑n

k=1 Cjk

k
(7)

Performance statistics were used to evaluate the correction results, which included the
coefficient of determination (R2), mean absolute error (MAE) and root mean squared error
(RMSE), the ratio of performance to interquartile distance (RPIQ) (Formulas (8)–(11)). Both
the RMSE and R2 metrics evaluate the performance of the linear regression model on the
dataset. MAE and RMSE assess the regression model’s capability to predict the absolute
value of the response variable. In addition, R2 assesses the predictor’s ability to elucidate
the change in the response variable [43]. The relationship between the pXRF testing value
and an element’s predicted value (corrected value) could be estimated using the R2 values.
A stronger correlation is indicated by a larger R2 value. As R2 approaches 1, it indicates that
the regression model is better fitted. In general, a higher RPIQ indicates a better predictive
ability for the model.

R2 =
∑N(Cm − Cn)

2

∑N(Cn − Cn)
2 (8)
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RPIQ =
Q3 − Q1

RMSE
(9)

RMSE =

√
∑N (Cm − CN)

2

N
(10)

MAE =
∑N|Cm − Cn|

N
(11)

where N is the number of samples, Cm is the predicted values, Cn is the ICP-MS value
(represented true values), Cn is the mean value of Cn, Q3 is the third quartile, and Q1 is the
first quartile distance.

Pollution Evaluation Methods

The overall concentration of heavy metals and the statistical methods do not provide
comprehensive information on the extent of soil contamination. They only give a rough
indication of the potential for contamination [44]. The pollution index can be used as a
tool for comprehensive geochemical assessment of soil environmental status [45]. Single
contamination indices may occasionally overestimate the level of contamination at a site
due to the methodologies employed in calculations and the selection of background values.
Conversely, more aggregated contamination factors may be influenced by varying choices
of contaminant element types or may neglect the impact of natural geochemical variability,
resulting in inaccurate evaluation outcomes. Therefore, this study employs a diverse array
of pollution indicators, encompassing both traditional metrics such as single pollution
factors and more comprehensive methodologies for pollution assessment [46] (Table 2). The
geochemical background values used in this paper are the soil geochemical background
of Jilin province (Table 3). Pollution evaluation is essential for understanding the extent
of pollution. This paper employs absolute principal component analysis–multiple linear
regression to identify the contributions of various pollution sources [47]. The analysis was
primarily conducted using relevant software for calculations.

Table 2. Pollution indices used and description of the corresponding parameters.

Index Formula Explain

Single pollution index (PI) PI = Cn/Bn

Cn—the content of the heavy mental
element [48]. Bn—the geochemical
background value of Jilin province.

Geo-accumulation index (I-geo) Igeo = Log(Cn/k × Bn)

Cn—the measured levels of the heavy metal
“n” in the soil sample, Bn—used the same

way as PI, and K is the correction factor,
which was chosen as 1.5 [44].

Contamination factor (CF) CF = Ci
n/Ci

p

Cn—the content of heavy metal from at least
five samples of individual metals,

Cp—pre-industrial reference value for the
substances [49].

Enrichment factor (EF)
EF = (Cn/Cref)/(Bn/Bref)

Cn—content of analyzed heavy metal,
Cref—one of the following metals, Ti [50].

Bn—reference content of the analyzed heavy
metal, Bref—one of the following metals, Ti in

the background [51].

The pollution load index (PLI) CFn—the contamination factors of the
element n [52].

Risk factor (RI)
PLI = (CF1 + CF2 + · · ·+ CFn)

1
n

Ei
r = Ti

r × Ci
f

RI = Σn
i=1Ei

r

n—the number of heavy metals, Tr—the
toxicity response coefficient of an individual
metal, Cf—contamination factor, Er—single

index of the ecological risk factor [53].
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Table 2. Cont.

Index Formula Explain

Degree of contamination (C-deg) Cdeg = Σn
i=1CFi

CFi—the contamination factor for each
element [54].

Nemerow pollution index
(PI-Nemerow) PINemerow =

√
( 1

n Σn
i−1PI)

2
+(PImax)

2

n

n—the total number of elements, PI—the
value of the single index, PImax—the

maximum value of the PI [55].

Notes: The corresponding soil contamination classifications are given in Appendix A.

Table 3. Soil background values and toxicity factors for Jilin province were used in the calculations.

Elements Soils Background Values (mg·kg−1) Toxicity Factor

Cr 46.7 2
Cu 17.1 1
Zn 80.4 5
As 8.38 10
Pb 28.8 5

Environmental Impacts

Determining the sources of pollution is essential for conducting a thorough and
accurate environmental impact assessment [56]. The impact assessment tool utilized in
this study is the Leopold Matrix. This is a two-dimensional interactive matrix, where the
horizontal axis represents the environmental factors affected by pollution, including the
physical environment and the social environment, among others [8]. The vertical axis
denotes the environmental impact factors, which primarily consist of activities that may
cause pollution, such as industrial processes and human activities [57]. To present the
results more effectively, we utilized a fractional representation (M/I), where M denotes
the magnitude of the change in the impacting activity (with values ranging from −5 to +5;
positive values indicate positive impacts, while negative values signify negative impacts)
and I represents the importance of the change to the environment (on a scale from 1 to
10) [58]. Ultimately, the environmental impact is quantified as the product of M and I,
resulting in the environmental impact score [59].

3. Results and Discussion

3.1. Evaluation of Matrix Effect Correction

The Si–Ti matrix effect correction method and the traditional linear regression (LR)
method were used to correct the test results and fit the image linearly. A black diagonal line
going through the origin is a 1:1 line as we assumed that the ICP-MS data represented the
true values (Tables 4 and 5 and Figures 2 and 3). The mean concentrations of five element
concentrations determined by in situ pXRF which were relatively lower than data obtained
by ICP-MS data. It is noteworthy that the mean of the in situ Zn pXRF (90.1 mg·kg−1) is
very close to the mean of the ICP-MS (91.12 mg·kg−1) analyses. These results show that
pXRF underestimates soil metal concentrations. Validation indices of MAE and RMSE are
shown in Figure 2. The traditional LR generated a lower correction quality than the Si–Ti
matrix effect correction method. Although the values for MAE and RMSE remain high
within reasonable limits, a significant improvement is evident in the corrected data, which
may be due to outliers and model fitness [60].

To better demonstrate the applicability of the model, we also performed validation.
The RPIQ values of the element Cr (RPIQ = 1.572) and As (RPIQ = 1.168) are all greater
than 1, showing excellent accuracy reliability, and the RPIQs of Cu (RPIQ = 0.968) and Pb
(RPIQ = 0.828) are both greater than 0.8, with high accuracy, but the RPIQ of Zn (RPIQ = 0.792)
is less than 0.8 but greater than 0.7, which is still in the acceptable range. The above shows
that the calibration results for the five heavy metal elements are reasonable and reliable.
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Table 4. Basic statistics of the concentrations measured by in situ pXRF, ICP-MS, and corrected pXRF
in the urban area of Changchun City, China.

In Situ pXRF (mg·kg−1) Mean Max Min

Cr 38.9 203.6 5.3
Cu 21.3 136.6 5.0
Pb 15.8 302.2 6.0
Zn 90.1 1511.6 27.8
As 11.2 21.8 4.0

ICP-MS (mg·kg−1)
Cr 49.00 146.85 15.20
Cu 56.95 592.16 22.45
Pb 43.94 653.32 16.98
Zn 91.12 758.25 18.77
As 18.80 48.13 5.17

The corrected PXRF (mg·kg−1)
Cr 64.22 167.68 38.93
Cu 43.78 392.10 3.90
Pb 57.43 565.72 13.44
Zn 96.23 795.20 39.66
As 20.90 39.86 6.40

Table 5. Correction equations and comparison of R-square before and after calibration.

Elements Multiple Linear Regression Equations
R2 Before
Correcting

R2 After Correcting
Degree of

Advancement

Cr Y = 0.652X + 0.001Ti + 0.954Si − 8.381 0.612 0.755 23.37%
Cu Y = 1.196X + 0.009Ti − 15.030Si + 399.033 0.355 0.768 116.64%
Zn Y = 0.493X − 0.017Ti − 9.932Si + 395.925 0.688 0.803 16.77%
As Y = 1.785X + 0.001Ti − 0.569Si + 16.283 0.699 0.761 8.87%
Pb Y = 1.795X − 0.008Ti − 4.254Si + 179.420 0.586 0.863 47.29%

Notes: where X denotes the content of pXRF of the element to be tested. Y represents the regression values of the
element to be corrected. Silicon (Si) in units of 10−2 (%) and elemental titanium (Ti) in mg·kg−1.

Figure 2. The MAE and RMSE values for the correction results of the improved methods.
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Figure 3. Comparison of scatter plots before and after correction for heavy metal elements (a–e).

We can see that the corrected data for the elements Cu and Pb are better fitted to the
true values (ICP-MS test values) than the uncorrected ones. Element Zn tests higher than
the true value at data points with high content, but elements Cu and Zn test lower than
the true values. The corrections are closer to the actual values for the high-value ranges of
elemental As, but for elemental Cr, the predictions are slightly larger than the true values,
but still within reasonable limits, which may be related to the instrumental detection limits
(Figure 3).

Compared to traditional and linear regression corrections, the R2 values for the Cr,
Cu, Pb, and Zn elements significantly increased. Cu showed the most significant improve-
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ment, followed by Pb, Cr, Zn, and finally As. The R2 values were greater than 0.75 after
calibration, indicating a strong correlation with laboratory testing values obtained through
ICP-MS. These corrections have improved the data quality to some extent and weakened
the influence of the matrix effect. The comprehensive comparison of elements should
be ranked as Cu > Pb > Cr > Zn > As (Table 4). This ranking could be attributed to the
constituents’ amalgamation or their intrinsic characteristics.

3.2. Assessment of Pollution Degree

The pollution index statistics for the built-up area of Changchun City are shown in
Figure 4 below. These box plots illustrate the distribution of the final calculated values
for each evaluation method. Additionally, various levels of contamination can be inferred
based on the different ranges of contamination value divisions. In the box plot illustrating
the distribution of the PI calculation results (Figure 4—Graph 01), the majority of samples
exhibit values below three, indicating slight to moderate contamination. However, a few
sample points demonstrate severe contamination. In the calculations of the enrichment
factor index (Figure 4—Graph 02), most distributions are below five, and none exceed
twenty. This indicates a slight to moderate enrichment of the element. Similarly, in the
ground accumulation index distribution (Figure 4—Graph 03), most of the samples are in
the range of 1–2, showing slight cumulative contamination, and in the final distribution of
the ecological risk factor, the data show that most of them are also below 20, but As has
a higher ecological risk compared to the other elements (Figure 4—Graph 04). However,
considering the toxicity of As and the background level of soils in Jilin province, this could
be linked to the selection of background values for the element, which may amplify its
contamination effects. The average value of the Nemerow index is equal to 1.20, indicating
that the soil standards in the built-up area of Changchun are mildly polluted (Table 6).
When calculating the PLI, it can be observed that As has the greatest contribution among
the five elements, followed by Cu, Pb, Cr, and Zn.

Table 6. Statistical results of the comprehensive pollution index for the urban area of Changchun.

Index Cr Cu Zn As Pb

PI-Max 3.59 22.93 9.89 5.02 19.64
PI-avg 1.38 2.56 1.20 2.68 1.99

CF 0.71 0.88 0.55 1.39 0.82
Nemerow index 1.20

Figure 5 illustrates the spatial distribution of heavy metal pollution in the built-up
area of Changchun. Each small square in the figure represents the evaluation value of a
specific pollution assessment method, with the degree of pollution indicated by a gradient
of red colors. Four squares together form a larger square that represents the pollution level
at a given sampling point. The greater the number of red squares at a sampling point, the
higher the degree of pollution [61]. The distribution of significant contamination for the
elements lead, copper, and zinc are similar in the southeast corner, with contamination in
this area showing large areas of red color, representing significant contamination regardless
of the method of calculation, while the distribution of elemental copper in the northwest
corner changes. The combination of several evaluation methods indicates that the level
of Cr contamination was low and that the background values of Cr in the soil were not
significantly elevated compared to the test values. However, it is important to note that Cr
is relatively toxic and requires careful monitoring even at low levels of contamination [62].
The evaluations conducted using various methods indicate differing levels of pollution,
which must be assessed carefully and comprehensively. Notably, most heavily polluted
sample sites are concentrated around residential areas and industrial parks.
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Figure 4. Box plot of pollution index distribution (Graphs 01, 02, 03, 04 correspond to pollution
indices PI, EF, Igeo, Er, respectively).

The correlation heat map of heavy metal concentrations in Changchun soil indicates
that, at a significance level of p = 0.05, the concentrations of Cu, Pb, and Zn are highly
correlated, with correlation coefficients exceeding 0.8 [63]. In contrast, the elements of
As and Cr show a weak correlation, approximately 0.5 (Figure 6). Combined with the
contour plots of these elements, it is evident that there may be homology between these
subgroups [64]. Principal component analysis similarly showed that a total of two principal
components emerged between the five elements [65]. By employing Kaiser’s standard
orthogonal rotation method, the eigenvalues of the two factors were determined to be 2.68
and 1.44, respectively [66]. Analyzing the coefficients of the rotated component matrices
revealed that Source 1 exhibited higher loadings for Cu, Pb, and Zn, while Source 2
showed greater loadings for As and Cr. These findings were consistent with the results of
the correlation analyses (Table 7). The cumulative variance contribution of the principal
components reached 82.37%, with the first two principal components explaining 53.59% and
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28.77% of the total variance, respectively [67,68]. An absolute principal component multiple
linear regression analysis was conducted, revealing that all R-squared values exceeded
0.65, indicating the model’s applicability. The identified pollution sources comprised two
known sources and one unidentified source.

Figure 5. Spatial distribution of point pollution in Changchun City based on four pollution assessment
methods. The subplot represents the degree of heavy metal contamination at each sampling site
in the main urban area of Changchun, (a) the pollution index level of element Cr; (b) the pollution
index level of element Cu; (c) the pollution index level of element Zn; (d): the pollution index level of
element As; (e): the pollution index level of element Pb.
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Figure 6. Correlation analysis of heavy metals in soil in the main urban area of Changchun City.

Table 7. Heavy metal element principal component analysis matrix and contribution of pollution
sources.

Elements

Composition Matrix Rotated Composition Matrix Pollution Contribution

Component 1 Component 2 Component 1 Component 2 Source 1 Source 2
Unknown
Source (s)

Cr 0.192 0.816 0.015 0.838 0.16% 69.37% 30.47%
Cu 0.916 0.081 0.878 0.273 30.89% 37.50% 31.61%
Zn 0.941 −0.253 0.974 −0.049 50.64% 13.17% 36.19%
As 0.257 0.809 0.081 0.845 2.30% 83.20% 14.50%
Pb 0.923 −0.217 0.948 −0.017 67.65% 8.26% 24.09%

Source 1 primarily contributes to the levels of Pb and Zn, while Source 2 has a greater
impact on As and Cr. Additionally, the unknown sources show some correlation with Cu,
Pb, Zn, and Cr. Notably, Cu is significantly associated with all three sources of pollution. We
scrutinized the descriptive records at the time of sampling, as well as the views of satellite
maps and the site. The contour map indicates that high concentrations of Cu, Pb, and Zn are
present in the lower reaches of the river (Figure 7). Our sampling records reveal multiple
sewage pipes in these areas, as well as metal product manufacturing facilities that discharge
wastewater, including from electroplating processes, into the watershed. This has resulted
in soil pollution in the surrounding regions [22]. Notably, these contaminated sites overlap
with several transportation routes, such as Line 2 of the underground system and railway
stations. Previous studies have demonstrated that traffic contributes to the accumulation
of Pb and Zn content in the soil [23]. Therefore, the primary source of pollution can be
attributed to metal product manufacturing activities. Source 2 primarily contributes to the
levels of As and Cr. In the spatial distribution map of As, this coincides with numerous
residential areas. In the vicinity of the high-concentration zones, our records reveal the
presence of several abandoned factories [5]. Changchun City experiences severe winters,
often relying on coal or electric heating. The combustion of coal releases atmospheric soot
that contains heavy metals such as As, Cr, Pb, etc., which accumulate in the soil through
atmospheric deposition, resulting in a broad area of impact [27]. Therefore, Source 2 is
predominantly a coal-fired heating source. Similarly, the unidentified Source 3 contributes
to the levels of a comprehensive assessment suggesting that these elements are primarily
associated with the chemical manufacturing industry [65]. The production of chemical
raw materials or products generates complex chemical products, which not only produce
wastewater but also result in significant emissions and residual waste [32]. Consequently,
this unidentified source is mainly for chemical pollution.
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Figure 7. Spatial distribution of elements (Cu, Pb, Zn, As, Cr) in the main urban area of Changchun City.

3.3. Assessment of Leopold Matrix

The Leopold Matrix was evaluated mainly by several environmental experts associated
with Changchun City (Table 8). In the Leopold Matrix, our list of environmental activities
with the highest impact on the soil are the waste recycling activities of the automotive
industry and the manufacturing of pharmaceutical and chemical products, with negative
impact evaluation scores of twelve and nine, respectively. The chemical–pharmaceutical
industry has the highest score (20.10) for each environmental factor, representing a signifi-
cant negative impact. The average value of the impact on soil for each activity is 2.67 less
than 3.0, which indicates that the activities are all still within the acceptable range. The
impact value for all activities is 32.04 for soil, and the total impact values for water and air
are 27.88 and 28.36, respectively. Activity factors such as automobile manufacturing and
chemical–pharmaceutical industries currently have a relatively large negative impact on
the environment, but all are still within the alert range and require treatment activities.

Table 8. Environmental impact analysis based on the Leopold Matrix.

Physiological
Environment

Social
Environment

Economic
Environment

Impact Activities Soil Water Air Infrastructure Health Employment
Value of

Land

Raw materials for metal production −2/3 −2/3 −1/3 −2/2 −1/3 1/3 −1/2

Vehicle manufacturing and assembly −2/3 −2/2 −1/3 −1/2 −2/3 4/3 −1/2
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Table 8. Cont.

Physiological
Environment

Social
Environment

Economic
Environment

Impact Activities Soil Water Air Infrastructure Health Employment
Value of

Land

Recycling and disposal of abandoned cars −4/3 −2/2 −2/3 −1/2 −2/3 2/3 −2/2

Input of chemical raw materials −3/2 −3/3 −1/3 - −3/3 1/3 -

Product manufacturing −4/3 −3/3 −2/3 −1/2 −3/3 4/3 −1/2

Treatment of waste biological products −3/3 −2/3 −1/3 - −3/3 3/3 −2/2

Fossil fuel usage −3/3 −1/2 −4/3 −1/1 −3/3 1/2 -

Waste gas and waste residue emissions −2/3 −3/3 −4/3 - −3/3 1/2 −1/2

Fertilizer and pesticide usage −1/2 −3/3 −1/3 −2/2 −3/3 - −3/3

Vehicle exhaust emission −2/2 −1/3 −2/3 - −1/3 - −1/3

Sewage disposal −2/3 −3/3 −1/2 −1/2 −3/3 −1/2 -

Solid waste emissions −3/3 −2/3 −1/2 −2/2 −3/3 −1/2 −1/3

4. Conclusions

The conclusions we can draw are as follows:

1. The Changchun built-up area as a whole is slightly to moderately polluted, but it
needs to be alerted to the contamination of elemental As, as well as Cu and Pb,
with the main sources of pollution being metal-related industrial manufacturing,
the manufacturing of chemical products, and coal-fired heating. The environmental
impacts of activities in the urban areas of Changchun are all within manageable
limits and soil remediation should be carried out for the corresponding response sites
immediately.

2. The on-site test data obtained by pXRF can be considered as a reliable dataset after
processing by the correction model. The order of correction for each element under
this simple correction model is as follows: Cu > Pb > Cr > Zn > As. This exploratory
correction method can be extended to the correction of other elements, which also
provides a valuable reference for the correction of in situ measurements of other
potential soil pollutants.

3. The pXRF is efficiently calibrated for real-time scanning of regional soil contamination
and large-scale sustainable rapid assessment. Therefore, we advocate that calibrated
pXRF data from proximal sensors can be used by government agencies or monitor-
ing organizations as complementary information to enhance spatial monitoring of
potentially contaminated sites at the local and regional levels to ensure the safety and
health of populations in urban environments.
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Appendix A. Pollution Index Classification Scale

Index Numerical Range Classes

Single pollution index (PI)

PI < 1 non-polluting
1−2 lightly polluted
2−3 moderately polluted

PI > 3 heavily polluting

Geo-accumulation index (I-geo)

I−geo < 0 non-polluted
0−1 Uncontaminated to moderately contaminated
1−2 Moderately contaminated
2−3 Moderately to strongly contaminated
3−4 Strongly contaminated
4−5 Strongly to extremely contaminated

I-geo > 5 Extremely high contaminated

Contamination Factor (CF)

CF < 1 non-polluting
1−3 lightly polluted
3−6 moderately polluted

CF > 6 heavily polluted

Enrichment factor (EF)

EF < 2 Minimal enrichment
EF = 2−5 Moderate enrichment

EF = 5−20 Significant enrichment
EF = 20−40 Very high enrichment

EF > 40 Extremely high enrichment

The pollution load index (PLI) PLI < 1 Clearly
PLI > 1 Polluted

Risk factor (RI)

RI < 20 Low ecological risk
20−40 Moderate ecological risk
40−80 Considerable ecological risk

80−160 High ecological risk
>160 Serious ecological risk

Degree of contamination (C-deg)

C−deg < 8 non-polluting
8−16 lightly polluted

16−32 moderately polluted
C−deg >32 heavily polluted

Nemerow pollution Index (PI-Nemerow)

PIN < 0.7 Class I soils (unpolluted)
0.7−1 Class II soils (Safety)
1−2 Class III soils (Mild pollution)
2−3 Super tertiary soils (Moderated)

PIN > 3 Severe pollution
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Abstract: The Comarca Lagunera is one of Mexico’s most important productive areas. Its main
economic activities are livestock, agriculture, and the processing industry. A wide variety of industries
emit wastes that are considered highly toxic environmental pollutants, which have strong negative
impacts on public health. The objective of this work was to determine the lead concentrations present
in tissues of pigeons (Columba livia) belonging to the urban area of the Comarca Lagunera, Mexico.
Specimens were collected from the localities that comprise the region and the tissue extracted; the
organs were dried, calcined, and diluted in an acidic HCl solution. Lead concentrations were obtained
by atomic absorption spectrometry using the graphite furnace technique. The results demonstrate
the presence of lead in all the tissues analyzed, with maximum concentrations of 191.14 mg/kg
and minimum concentrations of 0.86 mg/kg, the area with the highest average concentration being
Torreón, Coahuila (p = 0.030). The organ with the highest concentration was the bone (p = 0.000).
Evidence of lead poisoning is presented in Columba livia tissues in the Comarca Lagunera, thus
demonstrating the presence of this contaminant and the ability of these pigeons to function as
bioindicators of environmental contamination.

Keywords: heavy metals; contamination; pigeon; bioindicator; urban area

1. Introduction

The environment comprises the sum of biotic factors, which describe living organisms,
from plants and animals to microorganisms, and abiotic factors, comprising those non-
living entities vital for the development of biotic factors [1]. These factors are in states of
equilibrium and exchange on a continuous basis, but can be altered by the introduction
of harmful substances to living entities, leading to contamination of the environment
and increased risk of disease [2]. Pollution is defined as the introduction of any harmful
substance, whether in solid, liquid, or gaseous form, which at a certain concentration alters
the environment into which it is introduced [1]. At present, environmental pollution is
one of the problems with the greatest impact on the environment, not only because of the
alterations caused in the environment but also because of the effect it has on public and
individual health; contact with this type of pollutant can represent an important risk factor
for the increase in morbidity and mortality in different populations of living beings [3].
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Large cities and metropolitan areas face serious pollution problems due to overcrowded
places, high flows of motorized vehicles, and unplanned industrial developments [4]. The
effects of exposure to pollutants affect not only current but also future generations, bringing
with them health problems such as cancers, reduced fertility, respiratory problems, and
various inflammatory disorders, among others [5,6]. There are different types of pollution.
In the case of air pollution, the primary sources come from industrial activities, burning
fossil fuels, and various wastes [7]. Large industrial complexes constitute stationary sources
of various pollutants such as fine dusts, sulfur and nitrogen dioxide, carbon monoxide,
ozone, volatile compounds, and heavy metals [8].

The Comarca Lagunera, southwest of Coahuila and northeast of Durango, is one
of Mexico’s most important productive areas. Its main economic activities are livestock,
agriculture, and the processing industry. Anthropogenic activities in the region have led
to increased environmental pollution, bringing with them a growing need for monitoring,
remediation, and prevention measures [9]. The Comarca Lagunera is home to the world’s
largest silver refining plant, the leading producer of gold and lead in Latin America. The
metallurgical complex in the region is composed of lead smelting and lead–silver refining
and has a capacity of 118,000 tonnes of bullion in the lead smelter [10].

Heavy metals have been present on Earth since its formation, but their concentrations
have increased in terrestrial and aquatic environments in an emergent manner due to
anthropogenic activities. They are defined as metals and metalloids with densities above
5 g/cm3, with bioaccumulate potential once in food chains, and commonly with high
toxicity to living organisms that come into contact with them [11]. Media such as soil
and air and accumulation in living organisms can reflect heavy metal exposure to the
population, with inhalation, ingestion, and direct skin contact being the usual routes of
entry [12]. Heavy metals have a natural origin on our planet, but their concentrations
have started to fluctuate and increase due to human activity. Many have harmful effects
on the health of living beings, which have access to them through inhalation, ingestion,
and contact. Once inside the organism, they cause various types of physiological damage.
Among the most important metals with negative health impacts are lead, cadmium, arsenic,
chromium, aluminum, iron, and mercury [13]. Lead is a toxic element that can accumulate
in blood and bone and reach significant concentrations in the kidneys, liver, brain, and
skin; exposure to it can cause nervous system, circulatory, gastrointestinal, and hormonal
problems [14]. Among the most common anthropogenic activities through which lead can
be found in the environment are mining, waste from the battery industry, and its use as an
additive to substances such as gasoline, paints, and varnishes, as well as the raw material
processing industry, including mining resources [15]. In nature, lead does not exist in pure
form; it is part of the components of other minerals, the predominant example being galena,
where silver is mostly found [16].

The main routes of entry of lead into the body are considered to be digestive, respira-
tory, and cutaneous [17], and it also has an important impact at the gestational level due to
its ability to cross the placental barrier in mammals and its ability to mobilize during the
laying season in birds together with the calcium that makes up the eggshell [18]. It plays
an important toxic role by substituting for calcium in the processes in which it is involved,
thus affecting normal neuronal functions such as the release of neurotransmitters, causing
excitotoxicity and alteration of myelin synthesis [19]. This calcium substitution process
also causes alterations in bone composition; it can alter bone homeostasis by competing
with calcium for its place in apatite networks, and once this metal is absorbed, it is stored
in mineralized tissues [20]. In the case of the liver, it is considered one of the major soft
organ accumulators of lead and can have an acute and chronic presentation [21]; when
exposure to this substance is chronic, it causes dyslipidemia, hormonal depression, and
hypercholesterolemia [22].

The pigeon C. livia, also called rock pigeon, is a bird species with an average size
ranging from 30.5 to 35.5 cm wing length and a weight of 180–355 g; it does not present
sexual dimorphism, and its plumage varies between a light grey pattern and two large
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blackish stripes on the wings, white rump, and purple and green iridescence on the neck; it
is possible to find some species where these color characteristics are not met. The shades can
range from white to brown [23]. Pigeons of the species Columba livia have a high potential
as environmental bioindicators; it is a species that is distributed worldwide and is even
considered urban fauna, although it is possible to find them in feral and domesticated states,
given that their populations are abundant in cities and rural areas. They are considered
suitable bioindicators for measuring environmental health because they do not migrate
easily from their nesting sites. From the conditions in which the concentration of Pb in
these individuals is found, the presence of this and other pollutants in different animal
species can be assumed, functioning as a reflection of the environmental conditions of the
urban area of the Comarca Lagunera, Mexico, and as a method of monitoring possible risks
to human health and the affectation of the diversity of local ecosystems.

Several studies, such as the one conducted by Delgado [24] in Mexico City, demonstrate
the ability of C. livia to resist these pollutants and reflect the environmental condition.
Nam [25] used domestic pigeons of the species C. livia from urban and industrial areas
to measure the concentration of lead and cadmium in the city of Seoul, South Korea,
using the bone, kidney, liver, and lung for analysis, reporting lead concentrations of
29.5 ± 21.1 μg/wet weight, 4.13 ± 1.31 μg/wet weight, 2.33 ± 0.78 μg/wet weight, and
1.72 ± 0.66 μg/wet weight, respectively, in adults. In 2010, in the city of Rabat-Salé,
Morocco, a study was carried out to measure air pollution by heavy metals using feral
pigeons as bioindicators, determining the concentration of these metals through samples of
kidney, liver, lung, heart, and blood tissue, reporting the highest concentration of lead and
cadmium in kidneys (0.56 ± 0.06 μg/kg and 3.07 ± 0.78 μg/kg, respectively) [26]. Begum
and Sehrin [27] evaluated heavy metal levels in birds of this species and focused on human
consumption, where concentrations of 0.067 ± 0.52 μg/g of lead were obtained. In 2021,
Valladares [28] carried out an analysis of lead, cadmium, and arsenic content in the liver
and bone of C. livia pigeons found in areas known to be previously contaminated with
mining waste, reporting averages of 17.027 μg/g and 108.436 μg/g of lead, respectively.

Considering this background, the Comarca Lagunera being a region with high envi-
ronmental pollution, and that there are no studies in this area of bioindicators of heavy
metal levels using birds, the purpose of the present research is to determine the levels of
lead in tissues of domestic pigeons.

2. Materials and Methods

2.1. Study Site

The Comarca Lagunera is located between the states of Durango and Coahuila, has
an extension of more than 44,887 km2, and most of it is in the Chihuahuan Desert [29]. It
comprises 15 municipalities, 4 of which were selected for trapping (Figure 1). It is one
of the ten most productive areas in the country and has more than 1.2 million inhabi-
tants [30]. Its temperatures are warm, with characteristic semi-dry temperate climates
in the higher elevations and dry temperate climates in the lower elevations; in the mid-
dle elevations, the climate is very dry and semi-warm [31], which corresponds to the
classification BWhw” (e’) [32].

2.2. Biological Model

The pigeon C. livia is an invasive bird native to Africa and Eurasia, belonging to the
Columbidae family (Table 1), with an excellent adaptive system to human environments
that allows it to have very high population growth [33]. Its close relationship with humans
stems from the anthropogenic food source and nesting sites provided by urban construc-
tions [34]. The pigeons have demonstrated a wide potential as bioindicators and have been
one of the most widely used biological models in determining metals in tissues [35].
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Figure 1. Sampling points in the Comarca Lagunera, Mexico.

Table 1. Taxonomic classification of Columba livia [36].

Kingdom Animalia

Filum Chordata
Class Birds
Order Columbiformes
Family Columbidae

Subfamily Columbinae
Genus Columba
Specie Columba livia

2.3. Fieldwork

Birds were taken from each of the municipalities (Gómez Palacio, Durango, n = 25;
Lerdo, Durango, n = 12; Torreón, Coahuila, n = 16; Matamoros, Coahuila, n = 12); a specific
area was chosen for sampling based on the criteria of the number of people and businesses
in the area, its central location in each city sampled, and the fact that they are wooded areas
and have the necessary urban infrastructure for the presence of C. livia pigeon populations.
These points are public squares with similar climates and flora. In order to carry out the
capture activities, a permit was obtained from the Ministry of the Environment and Natural
Resources (SEMARNAT), obtaining the folio SPARN/DGVS/06267/22. The captures were
carried out during daylight hours from 20 July to 12 August 2022. The collection sites and
their coordinates are shown below:

• Parque Victoria, Lerdo, Durango (25◦32′33′′ N 103◦31′23′′ W).
• Plaza de Armas, Gómez Palacio, Durango (25◦34′05′′ N 103◦30′00′′ W).
• Alameda Zaragoza, Torreón, Coahuila (25◦32′21′′ N 103◦26′43′′ W).
• Plaza Mayor, Matamoros, Coahuila (25◦31′41′′ N 103◦13′46′′ W).

The specimens were captured using manual nets and carried out by a collection
brigade of two people from 20 to 30 June 2022, from 9:00 to 13:00 h. The specimens were
taken the same day of their capture to the Pathology Laboratory of the Diagnostic Unit of
the Universidad Autónoma Agraria Antonio Narro (Torreón, Mexico), Laguna Unit, where
they were processed.

2.4. Specimen Processing

Birds belonging to all groups collected were slaughtered by cervical dislocation in
accordance with the provisions of the Mexican Official Standard for the Humane Slaughter
of Domestic and Wild Animals (NOM-033-ZOO-2014). The primary necropsy procedure

63



Toxics 2024, 12, 830

was performed using a dissection kit. Brain, lung, liver, kidney, and bone were extracted
using plastic tools; organs that were not processed during this study were preserved in 5%
formalin and frozen (0 to 4 ◦C) for further studies. During necropsy, identification of the
reproductive organs of the specimens was carried out to determine sex.

2.5. Sample Processing and Analysis

Porcelain crucibles were brought to constant weight at a temperature of 200 ◦C for
2 h in an oven, after which they were left to stand in a desiccator for 2 h, and their
weight was recorded. The organs chosen for the study were dried using an oven at
105 ◦C and handled in the crucibles at constant weight. The weight of each organ was
recorded, and they were then incinerated at 500 ◦C for 12 h in the muffle. After this period,
the resulting ashes were suspended in 25 mL of HCl solution with a 2N concentration
following the methodology of Delgado [24]. The ashes suspended in 2N HCl were diluted
using distilled water to concentrations favoring their reading in the spectra (Figure 2).
Analysis of the concentrations was performed using graphite furnace atomic absorption
spectrophotometry, the blanks were Tritón 100x and array modifier, and the 2N HCl was
also used as a blank during the analysis to check the presence of contamination of samples.
This study used a NIST 1577b bovine liver sample, with a recovery of >92%, a quantification
detection limit of 10 ng/g, and a detection limit of 3 ng/g.

Figure 2. Sample processing and analysis.

2.6. Statistical Analysis

Statistical analysis was performed using Kruskal–Wallis and post hoc Mann–Whitney.
Normality tests were performed using Shapiro–Wilk and Kolmogorov–Smirnov. The
statistical program used was GraphP 10.1.1.

3. Results

Sex organ analysis determined that of the 64 pigeons collected, 16 (25%) were male,
and 48 (75%) were female. The average weight of the birds was 264.5 g, with a minimum
of 185 g and a maximum of 340 g. Figure 3 compares all the samples’ concentrations,
with bone being the organ with the highest concentrations of all and liver and lung when
comparing soft organs; Figure 4 compared only soft tissues. Torreón, Coahuila, is the
city with the highest values in bone, heart, lungs, and brain; Lerdo, Durango, is the city
with the highest average lead concentration in liver; the average lead concentration in
kidney was highest in the city of Matamoros, Coahuila, compared to the other cities. There
is lead concentration in all tissues and cities sampled. The concentrations of metals are
shown in Figure 5 by organ, city, and bird sex. The tissue and city with the highest lead
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concentration were bones (p = 0.000) and Torreón Coahuila (p = 0.030), respectively, using
the Kruskal–Wallis test and a Mann–Whitney post hoc.

Figure 3. Comparison of lead concentration among all organs and cities. The concentration in bones
is more elevated compared with the soft tissues.

Figure 4. Comparison of lead concentration among soft tissues.
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Figure 5. Lead concentrations in tissues of C. livia. (a) Bone, (b) Heart, (c) Liver, (d) Lung, (e) Kidney,
(f) Brain.

4. Discussion

The presence of lead was found in the different tissues of Columba livia specimens
collected in the region, which indicates that other species of urban fauna could probably
be affected by heavy metals, and that Columba livia pigeons function as bioindicators of
environmental pollution. This work coincides with that reported by Delgado [24] on the

66



Toxics 2024, 12, 830

use of the Columba livia pigeon as a bioindicator in our country, being the first and only
record in Mexico, and is very close to the results obtained by Valladares [28] in Chile and
Guevara-Torres [35] in Peru. One of the previous works carried out in the region with other
biological models is that of Domínguez-Zuñiga [37], who analyzed lead concentrations in
fungi with urban growth in the region, finding that Torreon, Coahuila, was the city most
affected by this pollutant, where lead concentrations were found in various species of fungi
collected in different parts of the city.

The organ with the highest lead concentration was bone, where the maximum value
was 191.04 mg/kg; these results are similar to those found by Valladares [28], where
Columba livia pigeons were used to measure the concentrations of lead and other metals in
an area contaminated by mining in the city of Arica, Chile; the two areas sampled share a
history of contamination by mining or related activities, and it is an urban area inhabited
not only by numerous people but also by a great diversity of urban species such as this
pigeon. Physiologically, when lead exposures occur over long periods, there is a cumulative
trend in the bones of the bird throughout its life [38]; this could be an indication of chronic
exposure to this pollutant for individuals living in the sampled areas. Some authors explain
this type of accumulation in bone in different animal models as the product of exposure
in recurrent periods; however, in nature, the Columba livia pigeon does not achieve such
a long life. According to Ishii [39], lead concentrations in the trabecular bones of birds
increase more rapidly than in other bones due to the activities of lead in blood. Trabecular
bones are tissues highly irrigated from blood vessels, and have an interaction within the
exchange of calcium, iron, and magnesium, minerals that lead has the ability to substitute
for in the bones for their chemical characteristics like divalent cation charge [40]. This could
suggest this bone is the tissue with the greatest potential for lead accumulation in the face
of prolonged exposure, which is consistent with what has been reported by Lee [41], where
the bone and eggshell where the tissues with the higher concentration of lead.

The average concentrations of lead in the heart were higher than those reported by
Elabidi [26] in Rabat-Sale, Morocco, suggesting that this contaminant is present in this way
because this organ cannot filter substances. At present, there are not many studies that
focus on the analysis of heart tissue of the pigeon Columba livia, but there are studies on
other bird species, such as the one carried out by Millaku [42], where they analyzed hearts
of house sparrows (Passer domesticus) and obtained concentrations higher than those found
in this work. This study shares with ours the historical characteristics of contamination of
the areas sampled by mining activities involving lead. However, it uses another species
of bird that does not have an ethology like that of C. livia pigeons, which, unlike Passer
domesticus, do not travel long distances, and their behavior is more gregarious, which may
be the reason why the two biological models, despite being birds, present variations in
their ability to accumulate metals in this tissue.

The average maximum lead concentration in the liver was 12.36 mg/kg; these results
are higher than those found by Guevara-Torres [35], who analyzed specimens of Columba
livia from the city of Lima, Peru, and reported an average of 0.624 mg/kg in the analysis
of this tissue. This difference could be explained due to the disparity in the sources of
contamination considered in the two studies. In their work, Guevara-Torres [35] analyzed
a city polluted by vehicular influx and a variety of industries, unlike our study and others
that compared that focus on the analysis of areas polluted by mining or related activities,
and this is also the possible reason why higher results are presented than the analysis done
by Romero [43], where specimens were affected systemically by lead bullets. In contrast to
this, Valladares [28], who worked with Columba livia pigeons from an area contaminated
by mining (City of Arica, Chile) and with whom the characteristics of the sources of these
pollutants are shared, found similar results with average lead concentrations of 13.007 and
21.084 mg/kg.

For the lungs case, the lead concentrations that were found are higher than those
reported by Delgado [24] in their study, carried out in Mexico City. The average lead
concentrations were 3.65 mg/kg, while the average values obtained in our work were
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12.57 mg/kg, which could suggest the inhalation route as the main entry access of this
pollutant in the Columba livia pigeons inhabiting the region.

Regarding the average concentrations of lead in the kidney, Lee [41] reported in their
study that the kidney is the second organ where lead accumulates the most (the first being
bone), with concentrations of 2.116 mg/kg, a presentation three times lower than that
obtained in our work with averages of 6.76 mg/kg. These studies are similar in the choice
of rural areas as sampling points; the difference between the concentrations could be due to
the disparity in the sources of contamination. Delgado [24] found similar results to those in
this work, with maximum average concentrations of 7.61 mg/kg in Columba livia pigeons
sampled in Mexico City, Mexico.

The average concentration of lead in the brain of Columba livia was 4.98 mg/kg; this
result is lower than that obtained by Delgado [24], where the average concentration of
lead in this tissue in Mexico City was 7.5 mg/kg. Both works share the development
methodology, but there are differences in the sources of contamination sampled. Mexico
City has a much higher population influx than the Comarca Lagunera, even in those years,
which could be the reason for this difference. At present, there are not many studies that
analyze lead concentrations in the brains of Columba livia. Aloupi [44] analyzed the livers
and brains of nine different species of waterfowl from the Evros Delta National Park in
Greece, but none reached the levels found in this study.

Among the four cities analyzed within the Comarca Lagunera, it was found that there
was a significant difference in the city of Torreón, Coahuila, in relation to the rest of the
cities; no significant statistical difference was found among the sampled localities. However,
the maximum values of this pollutant were found in three of the six organs belonging to
the individuals sampled in this city. Torreón, Coahuila, has one of the most important
sources of lead emissions in northern Mexico (mining and metallurgical industry). This is
the possible reason why in this and other studies, it is considered to be the city with the
highest concentrations of this pollutant in the Comarca Lagunera; also, in this region, there
is an import background of lead toxicosis in children, where the reported concentration
have decreased over time [45].

In the case of Lerdo, Durango, in our work, it was reported as the second city with the
highest lead concentrations in our model. However, Domínguez-Zuñiga [37] reported it as
the third; Gómez Palacio, Durango, was, for them, the second city with the highest impact
of lead contamination. This disparity can be explained by the difference in the chosen
biological models and by a geophysical issue of the region. The possible existence of an
unknown secondary source of contamination near the city of Lerdo, Durango, which could
affect lead levels in these organisms, is considered.

The city of Matamoros, Coahuila, showed lower lead concentrations than Torreón,
Coahuila, and Lerdo, Durango, which had the highest average values for lead concentration
in kidneys. Currently, there is no previous record of analysis of lead concentrations in the
city of Matamoros, Coahuila, using biological models.

In Gómez Palacio, Durango, lead concentrations were detected in all tissues of all
pigeons analyzed. Domínguez-Zuñiga [37] found concentrations of 100.49 mg/kg in
mushrooms belonging to the species Coprinellus truncorumn found in this municipality.
Santoyo-Martinez [46] reported maximum concentrations of lead in dusts sampled outdoors
of 464 mg/kg, which could suggest the presence of this pollutant in the city’s environment
regularly. The organ with the highest average lead concentration in this municipality was
bone, with a value of 53.74 mg/kg, although this concentration does not reach the bones of
other Columba livia pigeons analyzed in this study. Likely, exposure to lead in this area is
not as chronic as in the rest of the cities but recurrent.

5. Conclusions

Lead was found in all C. livia tissues analyzed and at all sampling sites. The organ
with the highest lead concentration was bone; a significant difference was found in this
tissue compared to the others. The city with the highest lead concentration in individuals
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was Torreón, Coahuila, which is significantly different from other cities. In the case of the
municipality of Matamoros, these results represent the first report of lead contamination
in animal models. It also proves the ability of C. livia to function as bioindicators of
environmental contamination.
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Abstract: This study investigated the elemental composition of Boerhavia elegans, addressing
the gap in comprehensive trace element profiling of this medicinal plant. The research
aimed to determine the distribution of macronutrients, micronutrients, and beneficial and
potentially toxic elements across different plant parts (seeds, leaves, stems, and roots).
Using ICP-OES analysis, two digestion methods were employed to capture both complex
and labile elements. The study revealed distinct elemental distribution patterns, with
iron and nickel concentrating in stems, manganese and zinc in leaves, and copper in
roots. Magnesium emerged as the most abundant macronutrient, particularly in leaves.
Importantly, all detected toxic elements (arsenic, chromium, lead, and cadmium) were
below WHO safety limits. These findings provide crucial insights into the nutritional
and safety profile of B. elegans, potentially informing its use in traditional medicine and
highlighting its potential as a source of essential elements.

Keywords: Boerhavia elegans; chemical speciation; essential and toxic elements; medicinal
plants; plant tissues; PCA

1. Introduction

In the last century, there has been an increasing global concern over soil trace element
contamination, which has coincided with an escalation of economic and societal activity.
Anthropogenic sources are widely recognized as the primary driver of elevated soil trace
element levels. Trace elements, including Cu, Ni, and Zn, are crucial for agricultural
productivity and environmental health. They play a vital role in maintaining the quality of
crops, food, and consumer health. These elements are required by plants in specific, small
quantities. Their presence in the soil directly impacts the nutrient balance in animal feed
(fodder). However, exceeding these recommended trace element levels can be detrimental,
causing toxicity in plants and soil organisms. Therefore, maintaining optimal trace element
availability in soil is essential for sustainable agriculture [1]. Edible and medicinal plants
are substances with biological activity that have been used for millennia to cure many
human ailments due to their low adverse effects [2,3]. However, some medicinal plants and
their mixtures may pose health risks owing to toxic elements. The contamination may result
from environmental pollution [4]. Creating, regulating, and using herbal or traditional
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medicines in many parts of the world can be challenging. Regulatory status, quality control,
safety and efficacy assessment, safety monitoring, and a need for more awareness about
conventional, complementary, and alternative medicines among public drug regulatory
bodies are common issues in many nations [5]. Numerous mineral elements present in
plants are necessary for human nutrition [6]. The literature extensively documents that
they possess a range of metabolic functions, from cell defense to primary and secondary
metabolism [7]. In addition to being necessary for forming active compounds in medicinal
plants, trace metals also cause toxicity in those plants [8].

Trace elements are essential in plant metabolism, forming chemical constituents in
plants and acting as cofactors for enzymes [9]. The contents of major and trace elements in
plants are governed by the geochemical features of the soil where the plant grows and by
the ability of plants to accumulate elements selectively. Moreover, plants can accumulate
elements from the surrounding aerial or aquatic environment, enabling some plants to
be used as biomonitors [10–12]. The concentration of toxic heavy metals in plants can be
influenced by the geochemical parameters of the soil, air, and water pollution, as well as
the ability of plants to accumulate certain elements selectively [13]. Metals may also be
related to the geographical origin, harvesting, or gathering of these plant materials. Plants
serve as an essential medium for trace elements to transit from the soil to humans [14].
Consequently, quality control measures for trace element content in these medicinal plants
are necessary.

“Heavy metals” are metals with a density greater than 5 g/cm3. This group contains
more than 60 metals. The primary sources of heavy metals are mineral fertilizers, some
base rocks, sewage sludge, pesticides, wastewater, urban wastes, motor vehicle exhaust
gases, and mining [13]. Because of their nature, these elements are typically found in the
earth’s crust as oxide, carbonate, sulfides, and silicates or in stable compounds. All living
creatures require some heavy metals in their surroundings to continue their daily activities.
Elements that plants need to survive are called “plant nutrients”. Analyzing plant tissues
reveals almost all the elements found in nature. Although plants are selective about taking
up nutrient ions, as the concentration of nutrient forms of elements increases in the growth
medium, some non-essential heavy metals can passively enter the plant body and enter the
food chain [15]. Some metals, such as iron (Fe), copper (Cu), manganese (Mn), cadmium
(Cd), molybdenum (Mo), silicon (Si), and boron (B), are essential heavy metals required
for plant metabolism. Cobalt (Co), copper (Cu), iron (Fe), manganese (Mn), Molybdenum
(Mo), zinc (Zn), selenium (Se), and iodine (I) are also essential heavy metals needed for
animals. However, some metals can be toxic at high concentrations [13]. Various heavy
metals (HMs), such as arsenic (As), cadmium (Cd), chromium (Cr), lead (Pb), and mercury
(Hg), cause severe toxicity in plants when they enter agricultural soil ecosystems through
human activities or natural processes [16].

Medicinal plants are an ancient practice that dates to historical times. They are widely
utilized across the globe and are prevalent in many countries. Over 70% of the world’s
population uses medicinal plants to treat various ailments. However, medicinal plants can
also pose a risk of exposure to toxic elements, depending on their origin and character-
istics [17]. Plants are crucial in transferring trace elements from the soil to humans [14].
Analyzing the metal ion compositions of medicinal plants is essential for understanding
their medicinal, nutritional, and toxic properties [18]. With increasing awareness about
elemental composition, elemental analysis is becoming more significant. Consequently,
there is a growing interest in developing rapid, simple, and sensitive methods that can be
used for routine analysis. Sample preparation methods are typically critical in chemical
analysis. Acid digestion, the most commonly employed sample treatment for determining
elemental concentration in biological materials like plants, necessitates high energy input
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and concentrated mineral acids [19]. Quantifying trace elements in medicinal plants is
important for several reasons. It aids in the treatment of various diseases by understanding
the pharmacological effects of these plants. It also helps determine the appropriate dosage
of herbal medicines derived from medicinal plants. Furthermore, it enables the evaluation
of the effect of medicinal plants on human health [8].

The plant genus Boerhavia has increasingly interested physiochemists as past studies
have demonstrated its wide range of pharmacological and biological effects, signifying
potential therapeutic applications. Research has found that a methanolic extract from B.
diffusa leaves exhibits antibacterial properties and noteworthy inhibition against Staphy-
lococcus aureus, a known pathogenic bacterium [20]. According to traditional medicine
systems, B. elegans has been used to treat various other health conditions, including painful
menstruation, urinary tract infections or other issues, intestinal infections, inflammation,
jaundice, and overall weakness or fatigue [21]. Boerhavia elegans plant, as part of the plant
kingdom, requires various mineral elements for growth, development, and reproduction.
These mineral elements are mobilized from the soil matrix and absorbed by the roots as
mineral ions.

To the best of our knowledge, no study has been reported regarding trace metal
concentration and speciation of selected Boerhavia elegans tissues. Therefore, the current
research is focused on I- determining the total trace metal concentration in various tissues
and II- speciation of labile and complex fractions of selected elements. The concentrations of
trace elements in the root, stem, leaf, and seed of the Boerhavia elegans plant were determined
using the inductively coupled plasma optical emission spectroscopy (ICP-OES) technique.

Several techniques have been used for the quantity of trace elements in food samples,
such as the ICP-OES, fame atomic absorption spectrometry (FAAS), and graphite furnace
atomic absorption spectrometry (GFAAS) [22–25]. Among these techniques, ICP-OES was
reported as the most sensitive method, time-saving, and specificity [26–28].

2. Materials and Methods

2.1. Sampling

Seeds, stems, leaves, and roots of Boerhavia elegans were analyzed in this study. The
plant seeds of B. elegans were purchased from a local market in Jeddah, Saudi Arabia, as
they are used in preparing porridge, a famous food in the Arabian Peninsula. The roots,
stems, and leaves were collected from the same field plots in Hadramout, Alborgat, South
Yemen. Samples were cleaned with tap water and deionized water, then air-dried in an
oven (JS Research Inc., Gongju, Republic of Korea) at 50 ◦C. The dried samples were ground
with an electrical grinder and sieved through a 100-mesh standard sieve. All the samples
were initially stored in closed plastic bags until analysis.

2.2. Reagents and Chemicals

A multi-elemental standard solution of 1000 mg/L containing all analyzed elements
(Cd, Co, Cr, Cu, Fe, Mg, Mn, Ni, Pb, Al, As, Se, Zn, K, Na, B, Ca, and P) supplied by Merck
(Darmstadt, Germany) was used for calibration. Analytica grade HNO3 65% and H2O2

30% from Merck (Darmstadt, Germany) analytical grade were used for sample digestion.
Ultrapure water delivered by a Milli Q system (Millipore, Merck Millipore, France) was
used to dilute and prepare a more diluted and amore-diluted working solution.

2.3. Instrumental Analysis

A PerkinElmer Optima 7000 DV ICP-Optical Emission Spectrometer (Shelton, CT,
USA), equipped with Win Lab 32 for ICP Version 4.0 software, was utilized to measure
the levels of Cd, Co, Cr, Cu, Fe, Mg, Mn, Ni, Pb, Al, As, Se, Zn, K, Na, B, Ca, and P. The
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ICP-OES was set with a wet plasma aerosol type and an axial view, using a nebulizer
startup instant condition that included a flow rate (Ar) of 15 L/min, an auxiliary flow (Ar)
of 0.2 L/min, a nebulizer flow (Ar) of 0.8 L/min, a sample uptake rate of 1.5 mL/min,
and a sample flush time of 5 s. Calibration was performed using a standard mixture with
concentrations of 1, 5, 10, and 15 μg/mL for each element, ensuring high accuracy and
precision (%RSD).

2.4. Recommended Procedures
2.4.1. Wet Digestion

Boerhavia elegans seeds, leaves, stems, and roots were washed with tap water and
deionized water and dried at 100 ◦C. for 24 h until they achieved a constant weight to
remove moisture. The plant parts were ground to fine particles using an electrical grinder.
An accurate mass (10.0 ± 0.001 g) (except for seeds and leaves, 5.0 g was taken) of each part
of the plant sample was digested in a 100 mL beaker containing 50 mL HNO3 (69%). The
beaker was covered with a watch glass and left overnight at room temperature, followed
by the addition of 12.5 mL of H2O2 30% (Sigma-Aldrich, Gillingham, UK), and heated on
a hot plate to 110–120 ◦C until the light brown-colored fume disappeared. The volume
became nearly dry, and 5 mL of deionized water was added. The digest solutions were
filtered through Whatman No. 42 filter paper and diluted to 50 mL using HNO3 (0.1 M).
The concentration of elements was finally measured.

2.4.2. Analysis of Labile (Water-Soluble) Trace Elements in B. elegans Tissues

Parts of different plant tissues (seeds, leaves, stems, and roots) were dried at 100 ◦C
until they achieved a constant weight to remove moisture and then homogenized using
an electric grinder. An accurate mass (10.0 ± 0.001 g) of dried B. elegans tissues was
transferred to deionized water (20 mL 18.2 MΩ·cm−1) and left overnight in a shaker at
room temperature. The beaker was covered with a watch glass and heated on a hot plate to
90–120 ◦C for 30 min. Sample solutions were vacuum-filtered through the Whatman No. 2
filter paper. The filtrate and washing solutions were transferred to a 50 mL volumetric flask,
completed to the mark using deionized water and stored in Low-Density Polyethylene
(LDPE) bottles. An appropriate volume of the B. elegans infusion was filtered through a
0.45 μm membrane filter, and the labile water-soluble elements were analyzed versus blank
solution. The ICP-OES signal intensity (I1) for B. elegans is a measure of labile concentration
(CL) of the element in the extract in boiling water, which was determined with the help of a
consistent calibration plot employing the equation:

Average CL μg g−1 = (C − B)× V
m

(1)

where C is the element concentration (μg mL−1) of B. elegans tissue, B is the blank result, V
is the sample volume (mL), and m is the mass (g) of the B. elegans tissue sample.

2.5. Statistical Method

For statistical analysis, XLSTAT Software 26.4.0 was used to determine PCA techniques.

3. Results and Discussion

3.1. Trace Metals in Plant

Trace metal concentrations in the seeds, leaves, stems, and roots of B. elegans in Table 1.
The results indicate variable metal levels in different types and parts.
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Table 1. Mean concentration mg/L of trace metals in the tissue of B. elegans using ICP-OES.

Tissue Seeds Leaves Stems Roots

Elements HNO3 H2O HNO3 H2O HNO3 H2O HNO3 H2O

Cd 0.009 ± 0.0003 0 ± 0.0012 0.054 ± 0.0019 0 ± 0.0007 0.021 ± 0.0049 0 ± 0.0014 0.018 ± 0.0002 0.061 ± 0.0025
Co 0.124 ± 0.0009 0.051 ± 0.0011 0.097 ± 0.0004 0.08 ± 0.0001 0.056 ± 0.0009 0.061 ± 0.0009 0.118 ± 0.0004 0.059 ± 0.0008
Cr 0.793 ± 0.0025 0 ± 0.0003 0.565 ± 0.003 0 ± 0.0006 1.004 ± 0.001 0 ± 0.0001 0.738 ± 0.0014 0 ± 0.0003
Cu 1.13 ± 0.0052 4.958 ± 0.0354 0.91 ± 0.0066 0.207 ± 0.0019 0.954 ± 0.0189 18.21 ± 0.053 1.692 ± 0.0126 0.292 ± 0.0008
Fe 8.021 ± 0.0653 0.081 ± 0.0015 25.37 ± 0.15 0 ± 0.0004 30.66 ± 0.083 0.655 ± 0.0045 18.54 ± 0.13 0 ± 0.0004
Mg 367.8 ± 0.75 14.5 ± 0.121 914.7 ± 3.89 259.9 ± 1.32 683.4 ± 2.85 102 ± 0.33 392.2 ± 2.91 59.84 ± 0.351
Mn 3.034 ± 0.0091 0.194 ± 0.0003 7.343 ± 0.0314 1.264 ± 0.0062 4.033 ± 0.0449 1.004 ± 0.0141 1.887 ± 0.0119 0.157 ± 0.0007
Ni 0.5 ± 0.0019 0.323 ± 0.002 0.377 ± 0.0026 0 ± 0.0012 0.551 ± 0.0023 0.752 ± 0.0037 0.423 ± 0.0027 0 ± 0.0007
Pb 0.033 ± 0.0061 0.282 ± 0.0009 0.165 ± 0.0053 0 ± 0.0078 0 ± 0.0162 1.333 ± 0.0061 0.113 ± 0.0078 0.04 ± 0.0048
Al 24.49 ± 2.154 0 ± 0.0018 59.71 ± 1.255 0 ± 0.002 67.53 ± 1.062 0 ± 0.0059 40.67 ± 0.426 0 ± 0.0079
As 1.068 ± 0.1653 0.109 ± 0.0264 0.728 ± 0.0407 0.177 ± 0.0252 0.742 ± 0.0164 0.099 ± 0.0138 1.374 ± 0.0185 0.221 ± 0.0306
Se 1.386 ± 0.1493 0.126 ± 0.0134 0.501 ± 0.0063 0.147 ± 0.0149 0.499 ± 0.0072 0.119 ± 0.0128 1.253 ± 0.0375 0.258 ± 0.0191
Zn 4.619 ± 0.1817 34.52 ± 0.194 7.117 ± 0.0995 1.279 ± 0.0059 3.108 ± 0.0453 64.03 ± 0.37 2.754 ± 0.0035 0.643 ± 0.0039
Na 0 ± 0.0128 9.737 ± 0.2996 0.234 ± 0.1354 30.3 ± 5.058 9.728 ± 1.3931 50.68 ± 1.328 0 ± 0.0385 29.2 ± 0.61
K 2.649 ± 0.0068 103.2 ± 0.37 9.937 ± 0.6758 67.76 ± 0.064 152.9 ± 6.95 76.53 ± 3.66 173 ± 5.24 66.46 ± 0.357
P 0 ± 0.0031 9.151 ± 0.2234 0 ± 0.026 4.922 ± 0.3786 1.012 ± 0.8824 0.31 ± 0.0252 0 ± 0.0032 15.61 ± 0.279
B 0 ± 0.0012 0.714 ± 156 0 ± 0.0012 2.669 ± 2051 0 ± 0.0041 0.173 ± 0.0184 0 ± 0.0003 0.244 ± 0.004

Ca 1.061 ± 0.0501 20.99 ± 0.149 30.17 ± 0.0501 255.4 ± 3.61 102.8 ± 7.08 8.533 ± 0.0554 6.939 ± 0.8491 1.38 ± 0.0587

Mean ± Standard Deviation.

In Boerhavia elegans, ten essential elements, including macronutrients (potassium,
calcium, magnesium, phosphorus) and micronutrients (iron, manganese, zinc, copper,
boron, nickel), along with aluminum (not essential for plants), beneficial elements (sodium,
selenium, cobalt), and potentially toxic elements (cadmium, lead, chromium, arsenic) were
analyzed, with the latter posing risks to plant physiology.

Determining the distribution and speciation of metals in plants is essential for un-
derstanding the mechanisms underlying their toxicity to plants. In this study, the total
concentrations of micro- and macro-elements in B. elegans were found to exceed the critical
deficiency levels that are known to limit plant growth and survival. Table 2 presents the
statistical analysis of metal concentrations in the seeds, leaves, stems, and roots of B. elegans.

Table 2. Variance of element concentrations across plant tissues.

Groups Count Sum Average Variance

seed 18 2083.585 115.7547 185,790.4
leaves 18 5289.89 293.8828 1,146,789
stems 18 5294.99 294.1661 653,386
roots 18 3208.595 178.2553 239,611.8

The data reveal distinct differences among the four groups. Seeds exhibited the lowest
average metal concentration (115.75) but had the highest variability, with a variance of
185,790, indicating significant differences within this group. Leaves and stems recorded the
highest average concentrations, nearly identical at 293.88 and 294.16, respectively. How-
ever, leaves displayed the highest variability (1,146,789), suggesting substantial internal
differences, while stems showed lower variability (653,386), reflecting greater consistency.
Roots had a moderate average concentration of 178.25 and the lowest variance (239,611),
indicating the most uniform data among the groups.

Overall, while leaves and stems have comparable average concentrations, leaves
exhibit significantly higher variability. Roots are the most consistent group, and seeds,
despite their low average concentration, demonstrate considerable variability. These
findings highlight the tissue-specific distribution and variability of metal concentrations in
B. elegans.
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3.2. Toxic Elements

The presence of hazardous elements such as arsenic (As), cadmium (Cd), and lead (Pb)
in contaminated soils poses a risk to crop plants and, ultimately, human health. The World
Health Organization (WHO) has set limits for the concentration of these heavy metals
in wild plants, specifying maximum levels of 5 mg/kg for arsenic, 10 mg/kg for lead,
0.3 mg/kg for cadmium, and 2 mg/kg for chromium [29].

This study investigated the distribution of cadmium, lead, arsenic, and chromium in
different parts of the B. elegans plant. The results indicate that seeds contain the lowest
levels of cadmium, while leaves exhibit the highest concentration, as illustrated in Figure 1
and Table 3. Lead concentrations are highest in leaves and lowest in seeds. Arsenic concen-
trations, on the other hand, are highest in roots and lowest in leaves. The concentration of
arsenic in seeds ranges from 5.34 μg/g to 3.71 μg/mL. Chromium concentration shows a
more balanced distribution across all plant tissues, with the highest concentration observed
in seeds. Toxic metals enter root cells and are moved to other plant tissues via membrane
transporters that typically handle essential or beneficial nutrients. This occurs because
of the physicochemical similarities between toxic metals and nutrients, especially those
within the same periodic table group, and the versatility of transporter proteins [30].
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Figure 1. The concentration of cadmium, lead, and arsenic in B. elegans mg/kg.

Table 3. Total concentration μg/mL, labile μg/mL, and complex fraction μg/mL in B. elegans using
wet and labile digestion toxic element.

Tissue Seed Leaves Stem Root

Elements
Total Con-
centration

Labile
Complex
Fraction

Total Con-
centration

Labile
Complex
Fraction

Total Con-
centration

Labile
Complex
Fraction

Total Con-
centration

Labile
Complex
Fraction

cd 0.045 0 ND 0.27 0 ND 0.105 0 ND 0.09 1.22 ND
pb 0.165 2.82 ND 0.825 0 ND 0 13.33 ND 0.565 0.8 ND
As 5.34 1.09 4.25 3.64 3.54 0.1 3.71 0.99 2.72 6.87 4.42 2.45
Cr 3.965 0 ND 2.825 ND ND 5.02 ND 6.01 3.69 0 ND

ND = not detect.

Cadmium toxicity induces the overproduction of reactive oxygen species (ROS), re-
sulting in damage to plant membranes and the breakdown of cellular biomolecules and
organelles. This toxicity also impairs the uptake of crucial nutrients like Fe and Zn, leading
to leaf chlorosis. Cadmium also obstructs the transportation and absorption of vital miner-
als such as K, Mg, Ca, P, and Mn. Cd is primarily absorbed and transported within plants
via transporters designed for divalent cations such as Fe (II), Mn, and Zn. In Arabidopsis,
both the Fe (II) transporter IRT1 and the Mn transporter NRAMP1 can transport cadmium,
significantly contributing to its uptake in the plant [31].
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Lead (Pb) toxicity poses a significant threat to plants, animals, and humans due to its
harmful effects. The rise in industrial activities involving Pb and the use of Pb-containing
products like agrochemicals, oil, paint, and mining operations have led to environmental
contamination, allowing Pb to infiltrate the food chain. As one of the most dangerous
heavy metals, lead’s presence in the food chain represents a serious health risk for both
plants and humans [32]. Inorganic lead (Pb) is commonly found in dust, soil, old paint, and
various consumer products, whereas organic lead, such as tetraethyl Pb, is mainly present
in leaded gasoline. Both forms are toxic, but organic Pb complexes are particularly harmful
to biological systems, posing a much greater threat than their inorganic counterparts [32,33].
Plants absorb free Pb ions either through capillary action or from the atmospheric air via
cellular respiration. Once lead is absorbed into the soil from the external atmosphere, it
enters the plant system. Through their well-developed root systems, plants absorb nutrients
from the soil, including divalent-free Pb cations in contaminated soil. These absorbed lead
ions are subsequently transported through the xylem vessels [34].

Arsenic (As) contamination in the environment poses a substantial global concern
impacting environmental, agricultural, and health sectors because of its highly toxic and
carcinogenic nature. Even at minimal concentrations, exposure of plants to As can trigger
a wide range of morphological, physiological, and biochemical alterations [35]. Arsenic
is considered non-essential for plants and other organisms [36]. Plant uptake of arsenic
depends on its total concentration and, importantly, on its speciation in soil. In plants,
arsenic primarily enters in the form of inorganic species, As (III) or As (V), via transporter
proteins regulated by the concentration gradient between the growth medium and plant
cells [37]. Xylem tissues facilitate the translocation of arsenic from roots to shoots and its
distribution across various plant tissues. Arsenate competes with phosphate (Pi) for uptake
through Pi transporters [38]. Once inside plant cells, As (V) is enzymatically reduced to As
(III) by arsenate reductase (ACR2). Detoxification of As (III) involves its complexation with
thiol-rich peptides, leading to its sequestration in vacuoles of root cells, which limits As
(III) efflux and enables its long-distance transport to other plant tissues [39].

While chromium trioxide (Cr (III)) is essential for animal and human health in small
amounts, plants don’t require it. Chromium (Cr) contamination has become a major envi-
ronmental concern due to its high levels in various agricultural and industrial activities [16].
Significant amounts of Cr are mined or produced annually, which contributes to its pres-
ence in soil and water. Natural sources of Cr include rocks, volcanic dust, gases, soil,
animals, and plants, and Cr is often associated with primary rock-derived phases and
well-crystallized iron oxides. Additionally, natural leaching from rocks and topsoil leads to
substantial levels of Cr in water bodies [40].

Chromium (Cr) toxicity in plants adversely affects physiological, biochemical, and
molecular traits, resulting in stunted growth and reduced yield. High Cr accumulation
impacts seed germination, root and shoot growth rates, and overall biomass and yield.
It inhibits photosynthesis, disrupts the cell cycle, and affects water and mineral balance,
enzyme activity, nitrogen assimilation, the antioxidant system, and other metabolic pro-
cesses. Cr accumulation also triggers the generation of reactive oxygen species (ROS),
causing oxidative damage and cellular component damage, leading to cell death and
altered morphology.

Because chromium (Cr) easily reacts with oxygen in the air, it’s a very active metal.
Cr can exist in multiple chemical states, ranging from zero to positive six. In nature, the
most common forms are chromium trioxide (Cr (III)) and chromium hexoxide (Cr (VI)).
However, Cr (VI) is more dangerous because it dissolves and moves around more easily
in water [41]. Plants can absorb both types of chromium [42]. Cr (VI) actively gets into
plant cells through specific channels, while Cr (III) enters more passively through exchange
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sites on cell walls [43]. Additionally, certain acids released by plant roots help dissolve Cr,
making it easier for plants to take it up [41].

3.3. Macronutrient Elements

Levels of the macro (P, Mg, K, and Ca) elements in plant samples are given in Table 4,
Figure 2.

Table 4. Total concentration μg/mL, labile μg/mL, and complex fraction μg/mL in B. elegans using
wet and labile digestion of macronutrient element.

Tissue Seed Leaves Stem Root

Elements
Total Con-
centration

Labile
Complex
Fraction

Total Con-
centration

Labile
Complex
Fraction

Total Con-
centration

Labile
Complex
Fraction

Total Con-
centration

Labile
Complex
Fraction

Mg 1839 145 1694 4573.5 5198 ND 3417 1020 2397 1961 1196.8 764.2

Ca 5.305 209.9 ND 150.85 5108 ND 514 85.33 428.67 34.695 27.6 7.095

K 13.245 1032 ND 49.685 1355.2 ND 764.5 765.3 ND 865 1329.2 ND

P 0 91.51 ND 0 98.44 ND 5.06 3.1 1.96 0 312.2 ND

ND = not detect.
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Figure 2. The concentration of macronutrient elements mg/kg in B. elegans.

The concentration of magnesium (Mg) in plants was observed to range between 1839.0
and 5198.0 μg/mL. Among different plant parts, leaves exhibited the highest total Mg
concentration and readily available Mg (labile Mg), followed by seeds, stems, and roots,
emphasizing the critical role of Mg in leaves, where it can exceed 70% of the total dry
weight. Mg forms soluble complexes with organic anions like malate, citrate, and oxalate,
facilitating its mobility and distribution within plants. Unlike calcium (Ca), Mg does not
substitute for Ca in the diffusible fraction when Ca levels are low. Interestingly, cereal
grains and seeds tend to maintain stable Mg levels even under varying Mg availability [44].

Plants regulate magnesium (Mg) distribution to support vital functions, transporting it
through roots, vacuoles, and xylem. Mg is absorbed via specialized transporters and stored
in vacuoles (20–120 mM concentrations), with its mobility facilitated by complexation
with organic anions. Mg moves through apoplastic and symplastic pathways in roots,
depending on transpiration and plant needs, before reaching shoots for photosynthesis and
other processes. Most Mg remains in the symplastic pathway in shoots, accumulating in
leaf cells. Research continues to explore Mg transport mechanisms to enhance plant health
and crop yields [45–47].

The study showed variations in phosphorus (P) concentration among plant parts.
Stems had the highest total P concentration (5.06 μg/mL), while roots contained the highest
labile P (312.2 μg/mL), followed by leaves (98.44 μg/mL) and seeds (91.51 μg/mL). In
stems, most P was stored in a complex form (1.96 μg/g), differing from other tissues.
Phosphorus is challenging for plants to absorb due to its poor solubility and reliance on
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diffusion, a slow process supplying over 90% of a plant’s P needs. Soil factors, includ-
ing moisture, temperature, and clay mineral types, significantly affect P mobility, with
increased moisture enhancing diffusion and colder temperatures slowing the process. Soil
composition also impacts how tightly P binds to particles, influencing its availability.

Plants mainly absorb P in two small forms: HPO4
2− (hydrogen phosphate) and

H2PO4− (dihydrogen phosphate), allowing them to pass through cell membranes. Larger
phosphorus molecules cannot directly enter the cell membrane but can enter the space
outside the cell membrane (apoplast), where they might transform to become more soluble.
Once phosphorus is in a soluble form, it can be absorbed by plant cells. Some phosphorus
is used by root cells directly, while most are transported to the inner part of the root (stele)
through a specialized process called symplastic transport.

Calcium (Ca) concentrations varied among plant parts, with stems showing the highest
levels (514 to 5305 μg/g) and seeds the lowest. Ca distribution in plants is tightly regulated
through the xylem, which transports water and nutrients. This transport depends on
the plant’s capacity and transpiration rate, both influenced by soil calcium availability
and water loss through leaves. Ca moves in the xylem as free Ca2+ ions or complexes
with organic acids like malate and citrate, with labile results indicating that most Ca is
transferred as free ions. Ca can be transported within the xylem in two forms: as free Ca2+

ions or as complexes with organic acids like malate and citrate. The labile results indicate
that calcium ions are transferred as free ions [48,49].

Potassium K is an essential nutrient that is absorbed by plants in more significant
amounts than any other nutrient except N [50]. K is different from nitrogen in incorporation
into the structures of organic compounds; instead, potassium remains in ionic form (K+)
in solution in the cell and acts as an activator of many cellular enzymes [6]. Therefore, it
has many functions in plant nutrition and growth that influence crop yield and quality. B.
elegans has the second highest total concentration and labile of K in roots 915.0, 1329, leaves
784.0, 1355.2, seeds 639.0, 1032, and stems 285.75, 765.3 μg/g, respectively. K and Mg are
critical in photosynthesis, carbohydrate partitioning, and protein synthesis.

3.4. Micronutrient Elements

The microelements analysis was done on four tissue plants obtained from B. elegans;
the results of the analysis are presented in Table 5 and Figure 3.

Table 5. Total concentration μg/mL, labile μg/mL, and complex fraction μg/mL in B. elegans using
wet and labile digestion of micronutrient elements.

Tissue Seed Leaves Stem Root

Elements
Total Con-
centration

Labile
Complex
Fraction

Total Con-
centration

Labile
Complex
Fraction

Total Con-
centration

Labile
Complex
Fraction

Total Con-
centration

Labile
Complex
Fraction

Cu 5.65 49.58 ND 4.55 4.14 0.41 4.77 182.1 ND 8.46 5.84 2.62

Fe 40.105 0.81 39.295 126.85 0 126.85 153.3 6.55 146.75 92.7 0 92.7

Mn 15.17 1.94 13.23 36.715 25.28 11.435 20.165 10.04 10.125 9.435 3.14 6.295

Zn 23.095 345.2 ND 35.585 25.58 10.005 15.54 640.3 ND 13.77 12.86 0.91

Ni 2.5 3.23 ND 1.885 0 1.885 2.755 7.52 ND 2.115 0 2.115

B 0 7.14 ND 0 53.38 ND 0 1.73 ND 0 4.88 ND

ND = not detect.

Copper accumulation was predominantly observed in roots, with lower levels detected
in leaves and no significant presence in stems or seeds. Roots had the highest total Cu
concentration (8.46 μg/mL), while seeds exhibited the highest labile Cu concentration
(49.58 μg/mL). No complex Cu fractions were detected in seeds or stems. Stems showed
a total Cu concentration (4.77 μg/mL) similar to that of leaves but had a significantly
higher labile Cu concentration (182.1 μg/mL) and no detectable complex Cu fraction.
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These findings suggest that Cu distribution within the plant is tissue-specific, with seeds
potentially storing Cu, leaves containing a mix of labile and complex Cu, and stems
primarily accumulating labile Cu.
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Figure 3. The concentration of micronutrient elements mg/kg in B. elegans.

Copper (Cu) distribution in plants shows most Cu concentrated in the rhizodermis
and root cap, with lower levels in the inner cortex and stele, consistent with Cu’s affinity for
cell walls via polygalacturonic acid-binding. In roots and leaves, Cu predominantly exists
as sulfur-coordinated Cu (I) species linked to glutathione/cysteine-rich proteins. Isotopic
variations indicate reductive uptake and redox cycling during translocation. Cu uptake is
facilitated by transporters like the COPT and CTR families, while chaperone proteins (e.g.,
HMA and CCS families) direct Cu to specific cellular compartments [19,51,52].

In the soil, copper (Cu) exists in various forms with an average concentration rang-
ing from 6 to 80 mg kg−1. Maintaining copper homeostasis in plants requires complex
regulatory processes, with multiple transporters playing key roles. Among these, the
copper transporter protein (COPT) family has been identified in plants based on sequence
similarities with the Ctr protein or through functional complementation in yeast. Members
of the COPT family are characterized by three predicted transmembrane segments, with
most featuring an N-terminal region rich in methionine and histidine residues, indicative
of potential metal-binding domains. Copper ions are uniquely capable of binding small
molecules like O2 as ligands, making them essential cofactors for various oxidases, includ-
ing mitochondrial cytochrome oxidase. These transporters often operate within a network,
forming complexes to enhance their functionality. Their activity is influenced by factors
such as copper availability and the presence of other metals, enabling plants to regulate
copper levels effectively and prevent either deficiency or toxicity [53,54].

Iron (Fe) is essential for chlorophyll synthesis and photosynthesis, with younger
leaves requiring more Fe than older ones. Fe distribution in plants varies significantly
across tissues. Seeds had the lowest labile Fe concentration (0.81 μg/mL) but most Fe in a
complex form (39.295 μg/g). Roots had the highest total Fe concentration (153.3 μg/mL)
but a low labile fraction (6.55 μg/mL), while leaves showed intermediate total Fe levels
(126.85 μg/mL), entirely in complex form. This distribution suggests seeds store complex
Fe, while roots and leaves primarily accumulate Fe in complex forms.

Nitrogen form also influences Fe accumulation. Ammonium (NH4
+) increases medium

acidity, enhancing Fe solubility and promoting higher Fe concentrations in young leaves, as
seen in petunia plants with greener foliage. Conversely, nitrate (NO3

−) supply causes more Fe
accumulation in roots and iron deficiency (chlorosis) in young leaves, as observed in corn plants.
These patterns highlight the interplay between nitrogen forms and Fe distribution in plants.

Manganese is a vital micronutrient in plant health, playing a crucial role in light-induced
water oxidation during photosynthesis and ATP synthesis. The data reveals manganese
(Mn) concentration variations across different plant parts. Seeds contained the lowest labile
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Mn concentration (1.94 μg/mL), with most Mn existing in a complex form (13.23 μg/mL).
Leaves exhibited a higher total Mn concentration (36.715 μg/g) than seeds, with a significant
portion (25.28 μg/mL) found in the labile fraction. Stems also showed a moderate total Mn
concentration (20.165 μg/mL) with a nearly equal distribution between labile (10.04 μg/mL)
and complex Mn (10.125 μg/mL). Interestingly, roots had the highest total Mn concentration
(9.435 μg/mL) but a lower labile Mn fraction (3.14 μg/mL) than leaves. Plants primarily
absorb Mn2+ cations directly from soil solutions, which are transported to aerial plant parts
in this form. Mn is further transported within plant tissues through xylem complexed with
specific proteins or non-protein amino acids. The efficiency of Mn absorption depends on its
transfer across the soil–root interface and the total amount of bioavailable Mn in the soil.

The interaction between manganese (Mn) and iron (Fe) in plant absorption varies
across species. Fe reduces Mn toxicity by limiting its excessive uptake and accumulation
rather than by increasing Fe2+ absorption or its corrective action within the plant. Research
indicates that high Mn concentrations in barley seeds can promote plant growth and boost
grain yield in Mn-deficient soils.

This study highlights Nickel (Ni) distribution patterns in plants, with seeds showing the
highest labile Ni concentration (3.23 μg/mL) but the lowest total concentration (2.5 μg/mL).
Leaves contain only complex Ni (1.885 μg/g), while stems have higher labile Ni (7.52 μg/mL)
and total Ni (2.755 μg/mL). Roots show total Ni concentration (2.115 μg/mL), all in com-
plex form. Ni uptake occurs primarily through roots, influenced by soil properties and
the rhizosphere. Competing cations (e.g., Fe2+, Cu2+) can hinder Ni absorption. Foliar Ni
concentrations in non-contaminated soil typically range from 0.05 to 10 μg/mL dry weight.

The study highlights variations in Zinc (Zn) distribution across plant tissues. Seeds
have the highest labile Zn content, while leaves show a higher total Zn concentration but
less labile Zn. Stems have the lowest total Zn content but a notable labile Zn fraction, with
no complex forms detected. Roots have the second-highest total Zn content, entirely in the
labile form. These patterns suggest seeds use labile Zn for germination, leaves balance Zn
forms for functions and stems’ high labile Zn levels merit further investigation.

Zn is primarily absorbed as Zn2+ ions through roots, with some grasses also utilizing
Zn–phytosiderophore (Zn–PS) pathways. Once absorbed, Zn is transported to shoot tissues
via symplast, apoplast, and phloem pathways. Healthy leaves typically contain 15–100 mg
Zn per kg dry weight, while Zn-deficient plants exhibit much lower levels. Zn tolerance
does not directly correlate with low leaf Zn levels, as Zn distribution within leaves depends
on the plant’s overall Zn status. Understanding these processes is essential for maintaining
optimal Zn levels without surpassing safe thresholds.

3.5. Beneficial Elements

Table 6 and Figure 4 illustrate the findings on the total content, labile fractions, and
complex fractions of beneficial elements.

Table 6. Total concentration μg/mL, labile μg/mL, and complex fraction μg/mL in B. elegans using
wet and labile digestion of beneficial elements.

Tissue Seed Leaves Stem Root

Elements
Total Con-
centration

Labile
Complex
Fraction

Total Con-
centration

Labile
Complex
Fraction

Total Con-
centration

Labile
Complex
Fraction

Total Con-
centration

Labile
Complex
Fraction

Na 0 97.37 ND 1.17 606 ND 48.64 506.8 ND 0 584 ND

Co 0.62 0.51 0.11 0.485 1.6 ND 0.28 0.61 ND 0.59 1.18 ND

Se 6.93 1.26 5.67 2.505 2.94 ND 2.495 1.19 1.305 6.265 5.16 1.105

Al 122.45 0 122.45 298.55 0 298.55 337.65 0 337.65 203.35 0 203.35

Na 0 97.37 ND 1.17 606 ND 48.64 506.8 ND 0 584 ND

ND = Not detected.
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Figure 4. The concentration of the beneficial element mg/kg in B. elegans.

Selenium (Se) is an essential micronutrient absorbed by plants primarily as inorganic
selenates, which are converted into organic forms like selenocysteine (SeCys) and selenome-
thionine (SeMet). Its availability varies with soil pH, existing as selenate in alkaline soils
and selenite in acidic soils, each differing in mobility and plant absorption.

The study shows that seeds have the highest total Se concentration (6.93 μg/mL),
mostly in complex form. Leaves and stems have lower Se concentrations (2.505 μg/mL and
2.495 μg/mL, respectively), with Se in leaves entirely labile and stems evenly split between
labile and complex forms. Roots contain the lowest total Se concentration (6.265 μg/mL)
but a higher labile fraction. The mobility of Se is confirmed by the presence of selenite and
selenomethionine in leaves, suggesting stems act primarily as a conduit between roots and
leaves [55,56]

Sodium (Na) distribution varies among plant parts. Roots exhibited the highest labile
Na concentration (584 μg/mL), and seeds had 97.37 μg/mL, both with no complex Na
fraction identified, indicating a readily available pool of Na in these tissues. Leaves showed
a very low total Na concentration (1.17 μg/mL), all in the labile form. Stems had a higher
total Na concentration among above-ground parts (48.64 μg/mL), with all Na in the labile
fraction as well.

While both sodium and potassium (K) are abundant alkali metals and monovalent
cations, they serve different roles in plants. Potassium is an essential nutrient crucial for
charge balance, enzyme activation, and osmotic regulation due to its larger ionic diameter
and smaller hydration shell, which make it more suitable for these functions [57]. Sodium
can be beneficial or toxic depending on the plant species and environmental conditions.
In saline environments, plants must balance Na+ and K+ uptake to prevent Na toxicity
and ensure sufficient K+ levels. High K+ concentrations can suppress Na+ uptake in some
halophytes [46]. Understanding the interplay between Na and K is vital for maintaining
plant health, especially in high-salinity areas [57,58].

The search results indicate that Cobalt is absorbed from the soil by plant roots and then
translocated and distributed to other plant parts like stems and leaves. Cobalt concentra-
tions can vary significantly across different plant species, ranging from 0.28 to 0.62 μg/mL.
No complex Co fraction was detected in leaves, stems, and roots. In contrast, Co fraction
was detected as complex in seed concentration 0.11 μg/mL.

Cobalt is an essential component of cobalamin, which is needed for the activities of
several enzymes and coenzymes and is responsible for forming leghemoglobin, which is
involved in nitrogen fixation in nodules of leguminous plants. Cobalt has both beneficial
and harmful effects on plants. A relatively lower concentration of cobalt helped in better
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modulation and, consequently, better growth and yield. However, a higher level of cobalt
reduced the bacterial population in the rhizosphere, and as a result, nodulation was
hampered, leading to lower crop growth and yield [59].

3.6. Principal Component Analysis (PCA)

The PCA biplot provides a detailed and comprehensive visualization of the relation-
ships between the concentrations of various elements (active variables) and different plant
tissues (active observations). The elements analyzed include Pb, Co, Zn, Cd, Mn, Fe, Al,
Mg, Ca, Na, P, Ni, Cr, K, Cu, As, and Se. These elements are represented as red vectors,
with their direction and length indicating their contributions and influence on the two
principal components, F1 (49.23%) and F2 (38.58%), which together explain 87.81% of the
total variance in the dataset. The plant tissues—leaf, stem, root, and seed—are distributed
across the plot based on their elemental composition.

Chemometric analysis was used in this study to analyze the eighteen elements in
different tissues of *B. elegans* by reducing the dimensionality of the data and summarizing
the relationships in graphs. This method provided an evaluation of the main components
affecting the samples. As illustrated in Figure 5, leaves were closely associated with
elements such as Zn, Cd, and Mn, reflecting higher concentrations of these elements in
the leaf tissue. In contrast, stems aligned with elements like Ca, Na, and P and were
positioned in the negative F1 and F2 quadrants. The root and seed were clustered together
near elements such as Cu, As, and Se, indicating similarities in their elemental profiles,
particularly for potentially toxic elements.

Figure 5. Biplot of principal component analysis.

The scatter of data points in the PCA biplot indicates variation in the mineral element
concentrations among leaf and stem samples. This variability may be attributable to
biological factors, such as genetics, or environmental factors, such as soil composition.
Roots and seeds, on the other hand, exhibit greater similarity in their mineral compositions
compared to leaves and stems, likely due to their shared function as storage organs. Roots
serve as reservoirs for essential nutrients and water, while seeds provide nourishment for
the developing embryo [60]. This common role in resource storage likely explains their
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similar mineral profiles, contrasting with the distinct elemental distributions observed in
leaves and stems. This analysis effectively highlights the nutrient allocation and potential
toxicity levels within the plant, providing valuable insights into its elemental composition.

4. Conclusions and Future Perspectives

The study identified distinct distribution patterns of macronutrients, micronutrients,
beneficial elements, and toxic metals in various parts of B. elegans (seeds, leaves, stems, and
roots). The seeds contained the highest magnesium, phosphorus, selenium, and labile zinc
levels. The leaves showed high calcium, manganese, iron, and total zinc concentrations.
The roots accumulated significant amounts of potassium, copper, and arsenic, while the
stems had elevated sodium and labile nickel levels. Toxic elements like cadmium and lead
were primarily found in the leaves, whereas arsenic was concentrated in the roots. This
compartmentalization underscores the plant’s capacity to regulate and distribute elements
according to each tissue’s specific roles and requirements.

Future research on Boerhavia elegans should focus on several key areas to enhance un-
derstanding of its physiology and potential applications. First, investigating the molecular
mechanisms behind the observed element distribution patterns in B. elegans is essential.
Additionally, exploring the plant’s potential for phytoremediation, particularly in the con-
text of arsenic-contaminated soils, could reveal new environmental applications. Assessing
the nutritional value and safety of B. elegans seeds for human consumption is another im-
portant area, given their rich concentration of essential nutrients. Moreover, studies should
examine the plant’s adaptability to diverse environmental conditions and its potential for
cultivation in marginal lands. Investigating the effects of different cultivation practices
on the elemental composition of B. elegans tissues is also crucial. Finally, comparing the
elemental distribution patterns of B. elegans with those of other species in the Brassica genus
may uncover unique traits or shared characteristics. These future research directions will
provide valuable insights into B. elegans and its potential role in agriculture, environmental
management, and addressing global food security challenges.

Author Contributions: T.M.A.-R.: investigation, and writing—original draft, formal analysis, Investi-
gation; S.O.B.: project supervision, Conceptualization, writing review, and editing; L.A.A.-K.: project
co-super-visor, Formal analysis, methodology; M.W.S.: Formal analysis, Visualization. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank Mohammed Soror El-Shahawi for the revision of the manuscript. We
thank Khlood J. Edrees for her technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Haque, F.U.; Faridullah, F.; Irshad, M.; Bacha, A.U.R.; Ullah, Z.; Fawad, M.; Hafeez, F.; Iqbal, A.; Nazir, R.; Alrefaei, A.F.; et al.
Distribution and Speciation of Trace Elements in Soils of Four Land-Use Systems. Land 2023, 12, 1894. [CrossRef]
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Abstract: This study investigates the consequences of volcanic ash on the antioxidant proper-
ties, nutrient composition, heavy metal levels, and secondary metabolites in Phaseolus vulgaris
L. (common bean) and Zea mays L. (yellow corn), two crucial crops in Ecuador. The objec-
tive is to determine how volcanic ash exposure affects these crops, focusing on antioxidant
properties and potential heavy metal accumulation. Field experiments were conducted in
Cotopaxi Province, where both crops were cultivated under varying volcanic ash conditions.
Secondary metabolites, particularly total phenols and flavonoids, were quantified using
spectrophotometric methods, while heavy metal content was assessed via atomic absorption
spectroscopy. Results showed a notable increase in the synthesis of secondary metabolites,
especially phenols and flavonoids, in crops exposed to volcanic ash, enhancing their antioxi-
dant capacity. Importantly, no significant heavy metal accumulation was detected, indicating
that the benefits of volcanic ash application can be harnessed without associated toxicity risks.
This research highlights the potential of volcanic ash to boost beneficial metabolites in yellow
corn and common bean, advocating for careful agricultural practices in volcanic regions to
optimize health benefits while mitigating toxicity risks.

Keywords: crops; heavy metals; Phaseolus vulgaris L.; Zea mays L.; volcanic ash; secondary
metabolites

1. Introduction

Throughout Ecuador’s history, agriculture and volcanic eruptions have been closely
intertwined, with the agricultural sector consistently grappling with the impact and ac-
cumulation of volcanic ash on crops [1]. Cotopaxi Province (Ecuador) exemplifies this
relationship, where agriculture faces significant challenges due to the continuous deposi-
tion of volcanic ash from the Cotopaxi volcano [2]. Volcanic eruptions produce ash that
disperses over large areas, affecting soil and crops. Volcanic ash contains essential elements
for plant biological processes, such as nickel (Ni), copper (Cu), iron (Fe), manganese (Mn),
and zinc (Zn), which in the right amounts can benefit plant growth. However, it also
contains non-essential, toxic elements such as arsenic (As), cadmium (Cd), lead (Pb), and
mercury (Hg), which in excessive amounts can negatively impact physiological processes,
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becoming toxic [3]. This delicate balance between beneficial and harmful elements makes
volcanic ash a crucial agricultural factor, especially in areas like Cotopaxi.

The elemental composition of volcanic ash and rocks varies considerably depending
on factors such as the specific volcano’s location and the type of eruption [4]. Volcanic
ash is primarily composed of dense (lithic) fragments, slag, pumice, free fractured crystals,
vitreous and aggregate particles, copper oxides, and iron minerals resulting from hydrothermal
alteration by hot fluids [5]. This diversity in composition affects how the ash interacts with
soil and crops. The long-term impact of volcanic ash on cultivable soils becomes evident
in volcanic areas where soils exhibit surprisingly high fertility upon ash settling on the
surface, resulting in soils with andic properties. However, agriculture practiced on the slopes
of volcanoes and adjacent valleys exposes farmers to extreme conditions during volcanic
eruptions [6]. The effects of ash exposure on crops depend on characteristics, such as layer
thickness, grain size, and variations in vegetation structure. Although volcanic eruptions
damage crops in the short term, their development is observed in volcanic regions in the long
term due to the inherent fertility of volcanic soil [7]. This phenomenon highlights the duality
of volcanic eruptions as both a natural disaster and a source of renewal for agriculture.

In Ecuador, P. vulgaris and Z. mays are the key crops, being vital economically and
nutritionally, occupying first place in production and consumption [8]. Common beans
play a crucial nutritional role, serving as a primary source of protein, underscoring their
value in the Ecuadorian diet [9]. The culture of beans is particularly important due to the
rich content of bioactive phytochemicals with beneficial biological properties [10].

Maize cultivation in Cotopaxi Province is of immense importance due to maize’s
pivotal role in food security, local economies, and human nutrition [1,11]. Maize is a key
crop in Ecuador, significantly contributing to the agricultural economy and the cultural
and dietary practices of the region. However, this crop is vulnerable to volcanic ash, which
can profoundly alter its nutritional and biological properties. Investigating this impact is
crucial for developing effective adaptation strategies that mitigate damage and enhance
agricultural resilience in volcanic risk contexts [12,13]. Additionally, understanding the in-
teraction between volcanic ash and maize cultivation is vital for ensuring the sustainability
of agriculture in areas prone to volcanic eruptions.

Our research explores the relationship between Phaseolus vulgaris and Zea mays culti-
vation and volcanic ash. Both crops, pillars of the Ecuadorian diet, extend their influence
far beyond borders. The impact of ash on the synthesis of secondary metabolites, which
are key to human well-being and can influence potential health benefits as antioxidants, is
significant. At the same time, there can be toxicity due to the absorption of heavy metals.
This research is crucial for developing agricultural strategies that increase resilience and
adaptation in volcanic areas. Understanding these effects will allow us to develop better
agricultural practices that not only protect crops and soils but also ensure the health and
well-being of the communities that depend on these crops.

2. Materials and Methods

2.1. Sample Collection

Mature fruits of P. vulgaris and Z. mays were collected from two zones: exposed
(Cotopaxi Province, at 3080 m above sea level, with an ambient temperature ranging from
10 to 17 ◦C) and unexposed to volcanic ash (Alaques sector (0◦50′37.6′′ S; 78◦35′15.5′′ W),
at an altitude of 2860 m above sea level, with temperature ranges from 15 to 20 ◦C).

2.2. Extraction of Bioactive Compounds

The extraction protocol for active compounds described by Claros [14] was employed
to obtain the extracts of the two crops. Fresh and mature grains of P. vulgaris and Z. mays
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in the presence of volcanic ash were evaluated in two stages: Stage 1, where the soil was
covered by a 3 cm layer of ash, and Stage 2, where the ash was no longer visible on the
surface but was integrated into the soil due to rain. The grains were ground in a mortar to
obtain flour, from which 1 g was weighed and used. Each gram of sample was macerated
with 10 mL of 96% ethanol in 15 mL Falcon tubes. The mixture was manually stirred with a
glass rod and then refrigerated at 5 ◦C for 72 h, allowing for the efficient extraction of active
compounds. The assays were performed in triplicate, and the absorbance of the extracts
was measured using a UV-Vis spectrophotometer.

2.3. Determination of Active Ingredients

In both cases, total phenolic compounds were determined using the Folin–Ciocalteu
colorimetric method, following the protocol described by López-Froilán et al. [15]. For
this, a small amount of water and 1.0 mL of a diluted sample (1:10) or standard solution
was mixed with 1.0 mL of the Folin–Ciocalteu reagent. After 4 min, 4 mL of Na2CO3

(100 mg/L) was added, and the mixture was brought up to 25 mL with distilled water
and incubated at room temperature, for 90 min, in the dark. All tests were performed in
triplicate. A blank was prepared by replacing the sample with ethanol. The absorbance
of the analyses was measured at a wavelength of 750 nm using a spectrophotometer.
Results were calculated using a linear regression based on gallic acid (0–250 mg GAE/L)
and expressed in milligrams of gallic acid per liter (mg GAE/L), yielding the equation
y = 0.0061x + 0.1393 with a determination coefficient R2 = 0.9941.

Flavonoid content in both crops was also determined using a colorimetric method based
on the formation of complexes with aluminum chloride, as described by Pekal et al. [16]. For
this, 1 mL of the crude extracts was mixed with 1.5 mL of a solvent, 100 μL of CH3COONa
(1 M), 100 μL of AlCl3 (10% v/v), and 2.3 mL of distilled water. The samples were allowed to
rest for 40 min at room temperature, after which absorbance at 435 nm was measured. The
calibration curve was prepared using quercetin in a concentration range of 0 to 1.5 mg/L,
yielding the equation y = 0.0296x + 0.067 with a correlation coefficient R2 = 0.9878.

2.4. Evaluation of Antioxidant Capacity

The crops’ antioxidant capacity, both exposed and unexposed to volcanic ash, was evalu-
ated using three different methods: ferric-reducing antioxidant power (FRAP), α-diphenyl-α-
picrylhydrazyl free radical scavenging (DPPH), and free-radical-scavenging activity (ABTS).

The FRAP assay was performed following the protocol described by Agudo [17],
which measures the reduction of Fe3+ to Fe2+ based on the FRAP solution prepared by
mixing 100 mL of an acetate buffer (300 mM, pH 3.6), 10 mL of FeCl3 (20 mM), and distilled
water (12 mL). For the analysis, 300 μL of the FRAP solution, 100 μL of the sample, and
300 μL of distilled water were added to each test tube, followed by a 4 min incubation in
the dark, at ambient temperature. Absorbance was measured at 593 nm, and all tests were
performed in triplicate, with a control prepared using ethanol instead of the sample.

The DPPH method was used to determine antioxidant activity based on the ability of
antioxidants to reduce the DPPH radical, characterized by an intense purple color. Following
the protocol described by Ramírez [18], 2.9 mL of the DPPH reagent and 0.1 mL of the sample
were mixed, and incubated for 30 min in the dark, and absorbance was measured at 517 nm.
The control was prepared similarly by replacing the sample with ethanol.

Finally, antioxidant activity was evaluated using the ABTS method, following Men-
doza [19], where the ABTS•+ radical was generated and diluted to an absorbance of
0.76 ± 0.1 at 754 nm. To carry out the reaction, 2 mL of the ABTS•+ solution was mixed
with 20 μL of the sample and kept for 7 min in the dark, after which the absorbance was
measured at 754 nm.
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2.5. Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) Analysis

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) is a powerful
analytical technique widely used for the detection of trace elements in various types
of samples. The core principle of ICP-OES involves the excitation of atoms and ions
in a high-temperature plasma, which is generated by coupling an inductively coupled
plasma with an optical emission spectrometer. The high-temperature plasma (generated by
passing an inert gas—argon—through a radiofrequency field) serves as an energetic source,
atomizing and exciting the elements present in the sample, which are emitting light at
characteristic wavelengths detected by a photomultiplier tube or a charge-coupled device
(CCD) detector. Dry samples of P. vulgaris and Z. mays were meticulously prepared by
weighing 0.5 g of finely ground plant material, which was then placed into high-resistance
Teflon tubes to ensure integrity throughout the process. A carefully prepared reagent
mixture, consisting of concentrated nitric acid (HNO3), hydrogen peroxide (H2O2), and
ultrapure water, was added to each tube. The samples were subjected to a controlled
digestion process utilizing a microwave digestion system (specific model and parameters
referenced), tailored specifically for plant materials [20]. This method ensures the complete
breakdown of the plant matrix, allowing for the accurate determination of elemental
content. Post-digestion, the resultant solutions were filtered to remove any particulate
matter and diluted with ultrapure water to a final volume of 10 mL in volumetric flasks.
This step is critical for minimizing any potential matrix effects during the subsequent
analysis. For the elemental analysis, an inductively coupled plasma optical emission
spectrometer (ICP-OES), specifically the Thermo Fisher Scientific 7400 Duo model, was
employed. The calibration of the instrument was achieved using a multielement ICP Mix
33 standard, with a concentration range spanning from 0.01 to 7.5 mg/L. To enhance the
accuracy and precision of the measurements, yttrium (Y) was incorporated as an internal
standard at a concentration of 5 ppm. This internal standard corrects any instrumental
drifts and potential matrix effects, ensuring the reliability of the analytical results [21].
The analysis was conducted during the second stage of the ash presence, ensuring that all
measurements were taken under consistent conditions for comparability.

2.6. Determination of Bioactive Compounds by LC-MS

To identify bioactive compounds in crops affected by volcanic ash in Cotopaxi
Province, a high-performance liquid chromatography–mass spectrometry (HPLC-MS)
approach was employed, adapting the methodology proposed by Tohma et al. [22]. The
study was conducted during the ash presence, Stage 2. Ethanolic extracts were prepared
from lyophilized crop samples (1 g) using 20 mL of 80% ethanol, and incubated at 30 ◦C for
2 h [23]. The extracts were centrifuged at 5000 rpm for 10 min at 4 ◦C, followed by filtration
and ethanol removal via rotary evaporation at 30 ◦C. The resulting samples were stored in
sealed plastic tubes at −20 ◦C until the analysis.

The HPLC-MS analysis utilized a Vanquish HPLC system (Thermo Fisher Scientific,
Waltham, MA, USA) paired with an Ion Trap mass spectrometer. Chromatographic separa-
tion was achieved on an Accucore Vanquish column (150 × 2.1 mm) maintained at 35 ◦C
with a flow rate of 0.5 mL/min [24]. A 10 μL injection volume of 0.1% formic acid served
as the mobile phase. Compound identification was based on mass spectra and retention
times, comparing the detected peaks with ions from standard solutions and reference
databases such as PubChem, ChEBI, Metlin, and HPLC datasets. Data processing and
metabolite identification were conducted using MZmine 2.53 software, supplemented with
information from the scientific literature [25].
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2.7. Statistical Analysis

The statistical analysis was performed using RStudio software (R version 4.3.2), ap-
plying a two-factor ANOVA to evaluate significant differences between groups, with a
significance level set at p < 0.05. All experiments were conducted in triplicate, and the
results were expressed as the mean ± standard deviation (SD). The correlation between sec-
ondary metabolites and antioxidant capacity was determined using a Pearson Correlation
Coefficient. For ICP data visualization, representative graphs were created, focusing exclu-
sively on metals with concentrations greater than 0.001, allowing for a clearer comparison
of trace element distributions across various samples.

3. Results

3.1. Active Ingredient Determination

The total phenolic content (TPC) displayed significant differences between bean
samples exposed to volcanic ash and those not exposed. Samples grown in the pres-
ence of ash exhibited higher concentrations of phenolic compounds, with an average of
0.97 ± 0.04 mg GAE/g FW, compared to 0.59 ± 0.01 mg GAE/g FW in samples without
ash exposure. The same situation was observed in the case of yellow corn samples exposed
to ash with a slightly higher average compared with those without ash exposure (Table 1).
The total flavonoid content (TFC) showed noticeable differences between yellow corn
samples exposed to volcanic ash and those not exposed (Table 1).

Figure 1 illustrates the concentration of bioactive compounds, specifically total phe-
nolic content (TPC) and total flavonoid content (TFC), in P. vulgaris and Z. mays under
different volcanic ash exposure conditions. The results show a significant increase in both
compounds in crops exposed to ash, particularly in P. vulgaris, highlighting the positive
effect of abiotic stress on the accumulation of secondary metabolites. These differences
align with the literature, which associates environmental stress exposure with enhanced
biosynthesis of antioxidant compounds.

Figure 1. The concentration of total phenolic content (TPC) and total flavonoid content (TFC) in
P. vulgaris and Z. mays under different volcanic ash exposure conditions. The data show significant
differences in compound concentrations between the ash-exposed and non-exposed samples. Bars
represent the mean ± standard deviation for triplicate measurements.
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Table 1. The active ingredients in P. vulgaris and Z. mays samples exposed and not exposed to volcanic ash.

P. vulgaris Z. mays

TPC (mg GAE/g FW) TFC (mg QE/g DW) TPC (mg GAE/g FW) TFC (mg QE/g DW)

Ash presence, Stage 1 0.68 ± 0.02 b 0.45 ± 0.03 a 1.89468 ± 0.0477 a 0.26956 ± 0.0127 b

Ash presence, Stage 2 0.97 ± 0.04 a 0.59 ± 0.06 a 1.95246 ± 0.0289 a 0.41915 ± 0.0216 a

Ash absence 0.59 ± 0.01 b 0.32 ± 0.02 a 1.80375 ± 0.0623 a 0.07193 ± 0.0162 b

Different letters denote significant differences.

3.2. Antioxidant Activity Determination

All three methods used for antioxidant activity determinations showed signifi-
cant differences between bean samples exposed and those not exposed to volcanic
ash. P. vulgaris samples grown in the presence of ash exhibited higher FRAP values
(3.74 ± 0.34 μmol Fe2+/g FW), DPPH values (9.10 ± 0.08 μmol TROLOX/g FW), and
ABTS*+ (8.28 ± 0.26 μmol TROLOX/g F) compared to samples grown in the zone without
ash exposure (Table 2).

In the case of maize, antioxidant activity showed similar results for samples exposed
to ash and those not exposed. Slight differences were observed between FRAP, DPPH, and
ABTS radical scavenging values for both samples grown in the zone exposed to volcanic
ash and unexposed (Table 2, Figure 2).

Figure 2. Antioxidant activity determined by FRAP, DPPH, and ABTS assays in P. vulgaris and
Z. mays samples under the presence and absence of volcanic ash. The bar plot represents the mean
values ± standard deviation, highlighting significant differences between conditions. The line graph
illustrates trends across methods, emphasizing species-specific responses to volcanic ash exposure.
Data represent triplicate measurements for each condition.
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Table 2. Antioxidant activity in P. vulgaris and Z. mays samples exposed and not exposed to volcanic ash.

P. vulgaris Z. mays

FRAP (μmol
Fe2+/g FW)

DPPH (μmol
TRX/g FW)

ABTS (μmol
TRX/g FW)

FRAP (μmol
Fe2+/g FW)

DPPH (μmol
TRX/g FW)

ABTS (μmol
TRX/g FW)

Ash presence,
Stage 1 2.91 ± 0.25 b 7.63 ± 0.10 a 6.57 ± 0.12 b 5.61 ± 0.37 a 6.30 ± 0.09 a 6.51 ± 0.28 a

Ash presence,
Stage 2 3.74 ± 0.34 a 9.10 ± 0.08 a 8.28 ± 0.26 a 5.63 ± 0.49 a 6.46 ± 0.62 a 6.52 ± 0.81 a

Ash absence 2.34 ± 0.11 b 5.92 ± 0.24 b 4.84 ± 0.10 b 5.54 ± 0.45 a 6.25 ± 0.06 a 6.49 ± 0.31 a

Different letters denote significant differences.

The results reveal a marked increase in antioxidant capacity in P. vulgaris samples
exposed to ash, emphasizing the influence of abiotic stress on enhancing antioxidant
potential. In contrast, Z. mays exhibited minimal differences between the two conditions,
suggesting species-specific responses to volcanic ash exposure.

The correlation between total phenolic content (TPC) and antioxidant capacity, mea-
sured by FRAP, DPPH, and ABTS methods, showed significant and strong relationships
between the various variables in P. vulgaris plants in the presence and absence of ash. A
very high correlation was observed between DPPH and TPC (r = 1.000 ***), as well as
between ABTS and TPC (r = 0.991 ***), indicating that these antioxidant capacities are
closely related in bean samples. Additionally, FRAP also showed a strong correlation with
DPPH (r = 0.950 **) and with ABTS (r = 0.951 **), suggesting that phenolic compounds play
a key role in the antioxidant capacity of bean plants affected by volcanic ash (Figure 3).

Figure 3. Correlation matrix between total phenolic content (TPC) and antioxidant capacity measured
by FRAP, DPPH, and ABTS, in bean samples under the presence and absence of volcanic ash.
Correlation coefficients (r) are indicated in each matrix cell, with statistical significance denoted by
asterisks (** medium correlation, *** strong correlation). Different colors indicate data for each sample
(presence and absence of volcanic ash), and the lines represent the fitted correlation trend for the
respective assays. The data used include triplicate measurements for each condition.

3.3. Inductively Coupled Plasma

The ICP analysis of the bean samples exposed to volcanic ash revealed various metallic
elements, only a few being present in significant concentrations. Potassium (K) had the high-
est concentration (14,370.87 mg/kg), followed by magnesium (Mg) with 1910.48 mg/kg
and calcium (Ca) with 1005.83 mg/kg. Sodium (Na) also showed a significant concentration
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(119.11 mg/kg). In comparison, elements such as iron (Fe), boron (B), and aluminum (Al)
had much lower concentrations, being 68.30 mg/kg, 32.30 mg/kg, and 6.22 mg/kg, respec-
tively. Other elements, such as zinc (Zn), manganese (Mn), and copper (Cu), were present
in lower concentrations, while some, like bismuth (Bi), cobalt (Co), and thallium (Tl), were
detected at levels near the detection limit, around 0.01 mg/kg (Figure 4).

In the case of yellow corn, the ICP analysis revealed that K stood out with the highest
concentration (3762.22 mg/kg), followed by Mg (1224.56 mg/kg), Ca (307.47 mg/kg), and
Na (120.01 mg/kg). Elements like Fe (12.55 mg/kg), B (11.13 mg/kg), and Al (2.76 mg/kg)
showed much lower concentrations. Other elements present in low concentrations included
Zn, Mn, and Cu, while elements such as Bi, Co, and Tl were detected at levels near
the detection limit, around 0.01 mg/kg. The visual analysis underscores the significant
differences in the concentration of metallic elements in maize, highlighting that only a few
elements are present in appreciable amounts (Figure 5).

3.4. LC-MS Determination

The influence of volcanic ash deposition on the bioactive and metabolic composition of
crops in Cotopaxi Province, Ecuador, was elucidated through the high-resolution HPLC-MS
analysis. The study identified a diverse spectrum of compounds, underscoring the intricate
biochemical adaptations of plants to environmental stressors. Key metabolites detected in
the positive ion mode included daphnetin (C9H6O4), a coumarin with potent antioxidant
activity (RT: 4.424 min), and argininosuccinate (C10H18N4O6), a pivotal intermediate in
the urea cycle (RT: 4.898 min). Arginine (C6H14N4O2), an amino acid essential for protein
synthesis and nitrogen metabolism (RT: 4.98 min), further highlighted the relevance of
nitrogen-based metabolites. Similarly, the identification of pumiloside (C21H24O11), a glyco-
sidic compound (RT: 5.447 min), and glycerophosphorylcholine (C8H20NO6P), associated
with phospholipid metabolism (RT: 5.861 min), underscores the structural and functional
diversity of secondary metabolites.

Figure 4. Concentrations of metallic elements in bean samples (ICP) represented in a bar graph.
Legend: The graph illustrates the concentrations of various metallic elements in mg/kg found in
bean samples, with potassium (K), magnesium (Mg), and calcium (Ca) being the most abundant. The
x-axis displays the different elements, while the y-axis shows their respective concentrations. Metallic
elements with concentrations below 0.01 mg/kg were excluded from this graph.
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Figure 5. Concentrations of metallic elements in yellow corn (ICP) represented in a bar graph.
Legend: The graph shows the concentrations of various metallic elements in mg/kg in yellow corn,
highlighting potassium (K), magnesium (Mg), and calcium (Ca) as the most abundant elements. The
x-axis indicates the different elements, while the y-axis represents the concentration.

Phenolic and flavonoid compounds were prominently represented, with notable exam-
ples such as caffeic acid (C9H8O4), a hydroxycinnamic acid with dual antioxidant and anti-
inflammatory properties (RT: 21.053 min), and pelargonidin-3-O-glucoside (C21H21O10), an
anthocyanin linked to stress mitigation and potential health benefits. Complex flavonoid
conjugates, including vicenin (C27H30O15) and isoschaftoside (C26H28O14), were detected,
highlighting the resilience of plants through the biosynthesis of bioactive molecules. In
the negative ion mode, primary metabolites such as glucose-6-phosphate (C6H13O9P) and
sugars like sucrose (C12H22O11) and sorbitol (C6H14O6) revealed the pivotal role of carbon
flux redistribution under stress conditions (Table 3).

Table 3. Bioactive and Metabolic Compounds Identified in Key Crops from Cotopaxi Province Using
HPLC-MS.

HPLC—MS POSITIVE IONS
ID Proposed Compound Identity Molecular Formula Retention Time Molecular Ion

19 Daphnetin C9H6O4 4.424 M + H
49 Argininosuccinate C10H18N4O6 4.898 M+
59 Arginine C6H14N4O2 4.98 M + H

175 Pumiloside C21H24O11 5.447 M + H
218 Glycerophosphorylcholine C8H20NO6P 5.861 M+
284 Biotin C10H16N2O3S 7.111 M + H
290 L-Tyrosine C9H11NO3 7.644 M + H
362 5′-Methylthioadenosine C11H15N5O3S 15.649 M + H
407 gamma-Glutamylleucine C11H20N2O4 16.912 M+

416 (2e)-3-(3,4-Dihydroxyphenyl)-N-[2-(4-
Hydroxyphenyl)ethyl]acrylamide C17H17NO4 19.959 M+

548 Glucose_6-phosphate C6H13O9P 23.502 [M + Na]+
564 Sinigrin hydrate C10H16KNO9S2 23.68 M + H
580 Isoshaftoside C26H28O14 24.811 [M + H]+
605 Vicenin C27H30O15 29.299 [M + Na]+
693 Abscisic acid C15H20O4 31.05 M + H
859 Ferulate C10H10O4 38.501 M + H
886 Pelargonidin-3-O-glucoside C21H21O10 19.959 M − H
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Table 3. Cont.

HPLC—MS NEGATIVE IONS
ID Proposed Compound Identity Molecular Formula Retention Time Molecular Ion

62 Glucose 1-phosphate C6H13O9P 5.175 M − H
70 Sorbitol C6H14O6 5.192 M − H
120 Sucrose C12H22O11 5.33 M − H
144 Glucose, fructose, mannose C6H12O6 5.3 M − H
459 alpha, alpha-Trehalose C12H22O11 19.878 M − H
503 Caffeic acid C9H8O4 21.053 M + H
563 Trihydroxyflavone-C-hexoside-C-pentoside C20H20O11 23.245 M − H
629 Orientin C21H20O11 24.594 M − H

4. Discussion

Cotopaxi’s stunning landscapes and volcanic soil provide an interesting backdrop for
agricultural endeavors. Culturing common beans in this province faces specific environ-
mental influences due to its proximity to the Cotopaxi volcano, exposing crops to volcanic
ash. This ash primarily comprises silicon, aluminum, sulfur, and iron, with alkali and
alkaline earth metal oxides such as CaO, MgO, Na2O, and K2O in smaller quantities [26].

Volcanic ash has the potential to significantly alter the balance of agricultural ecosys-
tems by impacting vegetation structure, affecting stem and leaf shape and density, which, in
turn, influences the amount of ash retained in soil and plant leaves. Ash accumulation can
cause direct damage, including leaf abrasion and foliage loss, as well as indirect damage by
disrupting soil water and nutrient balance. These changes may affect the organic matter
decomposition and nutrient availability in the soil. Despite these negative effects, volcanic
ash can also have positive impacts by enhancing carbon and nitrogen availability in the
soil, benefiting plant growth [6].

In small quantities, volcanic ash can act as a beneficial fertilizer spreading essential
elements like copper (Cu), iron (Fe), manganese (Mn), and zinc (Zn), which are necessary
for plant biological processes, but in larger amounts, it can pose significant challenges, such
as obstructing sunlight, increasing plant weight, and acidifying leaves and fruits. Currently,
volcanic ash soils are most widely used for growing high-value horticultural crops, leading
to the growth of the local economy [27]. Under extreme conditions, critical ash exposure
can markedly alter nitrogen cycles and water–oxygen exchange in the soil, affecting long-
term fertility [28]. The recovery capacity of ash-affected agricultural ecosystems largely
depends on the thickness of the deposited ash layer and the adaptability of plants and
soil to these changing conditions [6]. Beyond its mineral bounty, volcanic ash contains
non-essential toxic elements such as arsenic (As), cadmium (Cd), lead (Pb), and mercury
(Hg) that can accumulate stealthily in the biosphere [3], their silent migration echoing
through ecosystems. For common bean cultivation, this dual threat manifests absorption
by the plants themselves and the looming specter of transfer up the food chain.

Our results showed an increase in secondary metabolite content, respectively, phenols
and flavonoids in P. vulgaris and Z. mays exposed to volcanic ash in comparison with
non-exposed cultivars. Similarly, Panico et al. [29] highlighted that strawberries cultivated
in the volcanic soil of the Etna mountain region showed higher total phenolic content and
antioxidant activity than those cultivated in soil without ash influence.

The findings regarding increased levels of phenolic compounds and flavonoids in
plants exposed to volcanic ash, such as P. vulgaris and Z. mays, can be attributed to the
plants’ adaptive mechanisms to environmental stress. Volcanic ash is known to pose several
abiotic stresses on soil and plant life, including nutrient imbalances, alterations in pH, and
variations in water retention [30]. In response to these stresses, plants often enhance the
synthesis of secondary metabolites like phenols and flavonoids, which play essential roles
in defense against oxidative damage [31]. The increased quantity of phenolic compounds in
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P. vulgaris and Z. mays may be an adaptive response. Phenols and flavonoids are recognized
for their antioxidant properties, which help neutralize reactive oxygen species (ROS)
generated during stress conditions [32]. Studies suggest that when plants are exposed to
stressors such as volcanic ash, the increased production of antioxidant metabolites serves
as a protective mechanism against cellular damage and enhances plant resilience [33].
This accumulation of secondary metabolites not only functions as a defense mechanism
but also contributes to the nutritional value of the crops. Plants with higher levels of
phenolic compounds and flavonoids can offer enhanced health benefits for consumers
due to their bioactive properties [33]. Thus, cultivating P. vulgaris and Z. mays in volcanic
ash could provide a valuable source of dietary antioxidants that promote human health.
Additionally, it is known that volcanic ash improves soil fertility and alters the nutrient
profile, leading to a potentially available source of minerals that may influence plant
growth and development, including secondary metabolite production [34]. Minerals such
as potassium and magnesium found in volcanic soils can stimulate metabolic pathways
involved in the synthesis of phenols and flavonoids [35], underlining the significance of
soil composition in the biochemical responses.

Finally, the genetic makeup of P. vulgaris and Z. mays may also play a significant role
in their ability to synthesize secondary metabolites in response to environmental stress [36].
Biochemical pathways leading to phenolic and flavonoid production are often regulated by
specific genes, and the phenotypic differences observed between exposed and non-exposed
cultivars imply a strong genetic basis for the observed accumulation of these compounds. In
conclusion, the elevated levels of phenols and flavonoids in P. vulgaris and Z. mays exposed
to volcanic ash underline the complex interactions between environmental stresses, plant
adaptive mechanisms, and the resulting implications for human health and nutrition.

The inductively coupled plasma (ICP) analysis on both species grown in Cotopaxi
Province revealed a high potassium concentration. This abundance of potassium is essential,
as this element plays a crucial role in regulating water balance and in key physiological
processes such as photosynthesis [37]. However, relatively low concentrations of other
essential elements such as copper (Cu) and zinc (Zn) were observed. This suggests that
volcanic ash may influence the availability of these nutrients in the soil, thus affecting their
uptake by plants [38]. In addition, the concentrations of other essential metals, such as
calcium (Ca) and magnesium (Mg), were adequate in the analyzed samples, suggesting
that volcanic ash may provide essential nutrients to the soil, potentially improving its
fertility [39]. However, the presence of trace metals (copper and zinc) at relatively low
concentrations indicates that continuous monitoring of these elements is essential, as they
are crucial for plant health and crop yield [40].

Variations in mineral composition facilitate the identification of trends that could be
related to soil conditions affected by volcanic ash [41]. Trace elements such as iron (Fe)
and boron (B) showed adequate concentrations, indicating that P. vulgaris may possess
accumulation mechanisms that allow it to adapt to these conditions [42].

The ICP analysis provides crucial information on the mineral composition of both
species in soils affected by volcanic ash. The findings underline the importance of as-
sessing nutrient availability in these contexts, which is critical for developing sustainable
agricultural management strategies that ensure food security and soil health [43].

The deposition of volcanic ash on crops in the Cotopaxi Province has significantly influ-
enced the composition of secondary metabolites, antioxidants, and essential nutrients. The
HPLC-MS analysis identified key bioactive compounds such as daphnetin, argininosuccinate,
and ferulic acid, which play critical roles in antioxidant defense and environmental stress
modulation. Recent studies highlight that daphnetin, a coumarin with potent antioxidant
properties, mitigates oxidative stress and inflammation under abiotic stress conditions and in
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experimental models of human diseases [35,44]. This suggests that the accumulation of this
metabolite in exposed crops might be a crucial adaptive response to volcanic ash impact.

Additionally, the presence of biotin, glucose-6-phosphate, and sorbitol indicates alter-
ations in carbohydrate metabolism and essential cofactors, likely associated with increased
energy and antioxidant demands due to environmental stress. The identification of phenolic
acids such as caffeic acid and flavonoids like vicenin and isoschaftoside further reinforces
the potential of these crops to combat oxidative stress, aligning with previous findings
on their ability to protect plants against adverse conditions [45,46]. These results not only
highlight the adaptive effects of Cotopaxi crops but also underscore their potential for
the development of nutraceutical products and sustainable agricultural applications in
challenging environments.

Heavy metals in vegetables from Ecuador have been a subject of concern, particularly
due to potential contamination from agricultural practices and environmental factors. In
Ecuador, the non-essential metal contamination of crops has been the focus of domestic
and international studies on agricultural products. Ecuador has specific regulations, ex-
cluding all non-essential metal contaminants (harmful in certain amounts). The prolonged
consumption of foods with elevated levels of heavy metals can lead to various health prob-
lems, including neurological damage, kidney dysfunction, and an increased risk of certain
cancers. The specific levels of heavy metals in corn from Ecuador can vary significantly
depending on the region, farming practices, and environmental conditions. Studies have
shown that corn grown in Ecuador can contain detectable levels of heavy metals such as
cadmium, lead [47], and arsenium [48].

In the case of corn, our analysis recorded < 0.01 mg/kg lead, Pb, which is below the
CODEX STAN 193-1995 (codex norms for canned sweet corn, 1 mg/kg). In the case of
the other heavy metals identified in our paper, there is no information concerning corn or
beans; however, all the values identified in our samples are lower than those registered in
CODEX STAN 193-1995 for different cereals and legumes.

5. Conclusions

Our study on the impact of volcanic ash on P. vulgaris and Z. mays in Cotopaxi Province
reveals significant increases in secondary metabolites, specifically phenols, and flavonoids,
in response to the environmental stresses associated with volcanic soils. These compounds
not only enhance the plants’ defense against oxidative damage but also improve their
nutritional value, offering potential health benefits for consumers.

The findings underscore the dual effects of volcanic ash on plants: while it contributes
essential nutrients like potassium and magnesium that enhance soil fertility, it may also
introduce toxic heavy metals such as arsenic and cadmium, necessitating careful moni-
toring of soil and crop health. In our case, these metals were not detectable. The genetic
adaptability of these crops also plays a vital role in their response to environmental stress,
suggesting that selective breeding could enhance resilience.

Overall, the cultivation of P. vulgaris and Z. mays in volcanic ash-affected soils presents
both risks and opportunities; however, our findings demonstrate clear benefits. Under-
standing the implications of volcanic ash on nutrient dynamics and metabolite production
can guide sustainable agricultural practices that maximize advantages while minimizing
health risks, thereby supporting food production in volcanic regions. Future research
should focus on long-term assessments to further explore these complex interactions.
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Abstract: This study analyzed the lead concentrations in fruit grown near tailings dams of a
mine in Zacatecas (Mexico) using electrochemical techniques. A 3 × 4 factorial design, with
three levels of apple tree distance (low, medium, and high) and four levels of apple tree part
(stem, leaf, pulp, and peel), was performed to predict the pathway for contamination (foliar
or radicular). Samples of each apple tree part, soil, and irrigation water were collected. The
lead concentrations were determined by anodic stripping voltammetry. The results showed
lead concentrations of 172 ppm and 0.012 ppm for the soil and irrigation water, which
were discarded as sources of contamination since they were below the allowable limits by
the Mexican standards (400 ppm and 2 ppm, respectively). However, lead concentrations
in the stem and leaf ranged from 6.6 ppm to 30.7 ppm, and pulp and peel exceeded
300 times the allowable limit by the Codex Alimentarius (0.1 ppm). The apple tree part was
a significant factor in the experimental design. Hence, it was predicted that the pathway
for contamination is by foliar absorption. The fruit is highly contaminated by its proximity
to the mine. Therefore, mitigation actions must be performed to avoid health risks for the
consumers of this fruit.

Keywords: anodic stripping voltammetry; Codex Alimentarius; foliar absorption; fruit
contamination; health risks; lead concentrations; Mexican standards; radicular absorption

1. Introduction

Mining is one of the main economic sectors in Mexico that generates social benefits
such as employment, foreign exchange, and cultural development. Mexico has remained
one of the leading mining countries globally, ranking among the ten highest producers
of 16 metals and minerals in 2022. This sector contributed 2.46% to the national Gross
Domestic Product [1]. However, this activity has considerable negative impacts on the
environment since it generates elevated amounts of waste (tailings dams), causing loss of
biodiversity and vegetation cover, mass destruction of water bodies, land-use changes, air
contamination, social conflicts, a high cost of living, and food insecurity [2,3].

Tailings dams are the principal source of contamination by heavy metals since they
contaminate the soil, water, and air, and the heavy metals contained in them could be
bioaccumulated and biomagnified in the food chain [2,4,5]. Arsenic, cadmium, chromium,
mercury, and lead rank among the priority metals due to their high toxicity degree and
public health significance [4,6]. The United States Agency for Toxic Substances and Disease
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Registry classified these elements as human carcinogens and mutagens even at low levels
of exposure [7]. Lead is extensively used in mining and other industrial processes. It is not
easy to give up its use due to its properties. However, this element is non-biodegradable,
and its continuous use accumulates its concentration in the environment with increasing
hazards [8]. Therefore, lead has been considered a threat to human health [9,10].

Lead is released into the air by mines and factories, transferred to soil and surface
water by rainwater, and introduced into vegetable and fruit cultivation by contaminated
water, air, and soil [10,11]. Hence, humans, animals, and plants bioaccumulate this element
when they coexist in a contaminated environment [2]. Lead is easily absorbed in the human
body as a calcium analog, and children are more vulnerable than adults [10]. The World
Health Organization recommends a blood lead concentration of 5 μg/dL as a trigger for a
thorough review of how a person is being exposed to lead and for action to reduce or end
this exposure based on the Guideline for Clinical Management of Exposure to Lead [12]. Lead
exposure causes inflammation and cardiovascular, digestive, respiratory, neurologic, and
urinary diseases [8].

On the other hand, the absorption of lead by plants is generally the first step in in-
corporating it into the food chain. Plant species obtain lead from irrigation water, the
atmosphere, and soil–root transfer [13–15]. Although lead has no biological purpose in
plants, few species have been reported as tolerant and hyperaccumulators since they accu-
mulate concentrations of this metal at >1000 μg/g without harmful effects [16]. However,
many plants are intolerant to it, showing fast inhibition of growth, blackening of the root
system, chlorosis, photosynthesis inhibition, physiological activity disorders, and cell death
at high concentrations [17].

It has been observed that several species of plants absorb lead and accumulate it in the
roots, and only a minimum fraction is transported to aerial plant parts [18,19]. Therefore,
root and tuber crops such as carrots, potatoes, cassava, and curcumin could remove lead
from the soil and bioaccumulate it [18,20]. In this sense, agricultural production systems
constitute a significant non-point source of heavy metal-type pollutants, and their use
facilitates their accumulation in the soil and their transfer into the soil–plant–consumer
chain [21]. Several cases of edible products that absorb lead have been found, such as
cassava (19.92 mg/kg), curcumin (3.25 mg/kg) [20], beetroots (0.173 mg/kg), tomatoes
(0.294 mg/kg), carrots (0.206 mg/kg), celery (0.259 mg/kg) [22], and pumpkin leaves
(6.40 μg/g) [23].

Hence, it is necessary to analyze the food products cultivated at sites susceptible to
lead contamination. Similarly, it is essential to identify the pathway by which this element
enters the plant and fruit and to propose mitigation and control measures based on health
and environmental regulations. The Food and Agriculture Organization of the United
Nations (FAO) and the World Health Organization (WHO) issued the Codex Alimentarius
(“Food Code”), which is a set of standards, guidelines, and codes of practice to protect
the health of consumers. This standard establishes the maximum level of heavy metals in
food without causing any adverse effects on human health; 0.1 ppm is the maximum lead
level in apples [24]. Although Mexico has not emitted a regulation on lead concentration
in fruits or crops, the Mexican standards establish a lead concentration limit in irrigation
water of 2 ppm [25] and agricultural/residential/commercial and industrial soil types of
400 and 800 ppm, respectively [26].

Various analytical techniques are employed to determine the lead concentrations in
different arrays, such as atomic absorption spectroscopy, flow injection analysis, and induc-
tively coupled plasma mass spectrometry. However, these techniques become unattractive
since they use expensive instruments that must be specially maintained and require te-
dious sample preparations, lengthy operational procedures, and unsuitability for online
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monitoring. Instead, electrochemical techniques, where the analyte is derived from the
measurement of the current intensity as a function of the applied potential, show limits of
detection in the order of ppb and are low-cost [27].

Therefore, this study aimed to analyze the lead concentrations in fruit grown near
tailings dams of a mine in Zacatecas (Mexico) using electrochemical techniques. Further-
more, a 3 × 4 factorial design, with three levels of apple tree distance (low, medium, and
high), four levels of apple tree part (stem, leaf, pulp, and peel), and two replicates, was
performed to predict the pathway for contamination (foliar or radicular absorption). The
results obtained could aid in taking actions based on the “Food Code” for the prevention
and reduction of health risks of lead in consumers of this product.

2. Materials and Methods

An orchard where apple trees grow near tailings dams of a mine in Zacatecas (Mexico)
was selected as a case study to determine lead concentrations. This mine operated from the
1950s until February 2006. It was subsequently closed for more than 11 years due to a strike.
Then, it was rehabilitated in August 2018, and copper, silver, zinc, and lead were extracted.
This study was conducted in three stages. The first stage implicated sample collection and
the treatment of irrigation water, soil, stems, and leaves of apple trees, and apple pulp
and peel. Sampling was carried out in September 2019. The apple harvest takes place
mainly between July and October in Mexico, and September is usually the month with the
highest production [28]. The second stage involved determining the lead concentrations in
all samples. This stage was performed by electrochemical technique, specifically anodic
stripping voltammetry (ASV), to determine the lead concentration in the different matrices.
The third stage considered a statistical analysis of the results to predict if the pathway for
contamination is by foliar or radicular absorption.

2.1. Stage 1. Sample Collection and Treatment

A representative water sample was taken from a surface water body used to irrigate
apple trees. The surface water body is intermittent and is 0.8 km from the nearest apple
orchard (Figure 1). The sample was obtained using a lead-free container immersed for
two hours in nitric acid (at 3% v/v) and thoroughly rinsed with deionized water. The
container was rinsed three times with irrigation water. Then, the sample was collected and
stored at 4 ◦C until its use. The water sample was filtered to remove suspended particles
and treated according to Method 3051A Microwave Assisted Acid Digestion with the following
modification [29]. A total of 5 mL of nitric acid (at 65% v/v) and 5 mL of deionized water
were added for sample treatment. This adjustment was performed to avoid electrode
pitting due to the medium acidity [27].

A 3 × 4 factorial design with three levels of apple tree distance (low, medium, and
high), four levels of apple tree part (stem, leaf, pulp, and peel), and two replicates were
selected to study the effect of the distance between the apple trees and tailing dams of
the mine (factor 1) and the tree part where it accumulates the lead (factor 2), as shown in
Table 1. The lead concentration was the response analyzed in the experimental design.

Figure 1 shows the map of the study area where the sampling was carried out on
the apple trees surrounding the tailings dams of the mine. Three apple crop plots were
identified, taking the centroids of the area of each crop plot as a reference point (low,
medium, and high) based on their distance from the tailings dams. Two apple trees 80 m
away from the centroid in each crop were selected to take the samples. Therefore, samples
of the stem, leaf, pulp, and peel of the apple trees chosen were collected according to the
experimental design. Likewise, soil samples where apple trees grow were collected to rule
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out whether the contamination is foliar or reticular absorption. The distances for taking the
samples were ensured to be as precise as possible.

Figure 1. Map of the study area.

Table 1. The 3 × 4 factorial design used in this study.

Assay Number
Factor 1: Apple
Tree Distance 1

Factor 2: Apple
Tree Part

Apple Tree Number 2

1 Low Stem 1
2 Medium Stem 3
3 High Stem 5
4 Low Leaf 1
5 Medium Leaf 3
6 High Leaf 5
7 Low Pulp 1
8 Medium Pulp 3
9 High Pulp 5

10 Low Peel 1
11 Medium Peel 3
12 High Peel 5
13 Low Stem 2
14 Medium Stem 4
15 High Stem 6
16 Low Leaf 2
17 Medium Leaf 4
18 High Leaf 6
19 Low Pulp 2
20 Medium Pulp 4
21 High Pulp 6
22 Low Peel 2
23 Medium Peel 4
24 High Peel 6

1 Distance between tailings dams of the mine and the study area centroids: low (80 m), medium (343 m), and high
(587 m). 2 The sampled apple tree location is shown in Figure 1 with black numbers (1–6).
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Stems, leaves, and fruit were collected from each studied apple tree. The peel and pulp
were separated from the fruit. The samples were cleaned with tap water and phosphate-free
soap. Then, they were washed first with distilled water and deionized water. Later, the sam-
ples were dried at 70 ◦C in a convective flow stove FELISA FE-291AD (Feligneo, Zapopan,
Mexico) for 48 h. Afterward, they were macerated with a mortar and placed in polyethylene
bags at room temperature until digestion. The digestion was performed according to
Method 3051A Microwave Assisted Acid Digestion with the mentioned modification [27,29].

The soil samples collected were associated with the apple tree selected in the collection
of the samples. A soil sample of approximately 1 kg was taken from the closest part of the
trunk of each sampled tree. A soil sampling auger was used, which allowed the soil to
be probed to a depth of at least 15 cm. The soil samples were stored in polyethylene bags
based on the Mexican Standard NMX-AA-132-SCFI-2016 [30]. Then, they were placed in
aluminum trays and dried at 60 ◦C in a convective flow stove FELISA FE-291AD (Feligneo,
Zapopan, Mexico) to remove the moisture. Then, they were sieved at 500 microns and
placed in polyethylene bags at room temperature until their digestion. The digestion was
performed according to Method 3051A Microwave Assisted Acid Digestion with the mentioned
modification [27,29].

An apple tree and soil samples from a residential house were taken as blanks in
Chalchihuites, Zacatecas, Mexico, remote from the study area (at 50 km) and without
perceptible lead contamination sources. The site’s geographic coordinates were—103.898931
West longitude and 23.396635 North latitude. The samples were equally treated and
analyzed as described. This site was selected for the blank samples because it does not have
an apparent source of lead contamination, and it would serve to validate the electrochemical
techniques and compare the results between the blank samples and study matrices.

2.2. Stage 2. Measuring the Lead Concentrations in Matrices by Electrochemical Techniques

Lead concentrations in the stem, leaf, peel, pulp, and irrigation water were mea-
sured by the electrochemical technique of differential pulse anodic stripping voltammetry
(DPASV) and the soil samples by linear potential sweep anodic stripping voltammetry
(LSASV), using a Potentiostat/Galvanostat Model 283 (AMETEK, Oak Ridge, TN, USA)
and a Rotating Ring-Disk Electrode System Model 636 (AMETEK, Oak Ridge, TN, USA).
Glassy (vitreous) carbon, saturated calomel, and platinum were used as the working,
reference, and counter electrodes (Figure 2).

Figure 2. Three-electrode system for anodic stripping voltammetry analysis.
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The limit of detection (LoD) and limit of quantitation (LoQ) were estimated using the
standard addition method for each technique applied. This method consisted of adding
aliquots of 1 or 0.5 microliters (μL) (depending on whether the initial current intensity was
high or low) of a stock solution of lead (1000 ppm) in 2 wt% nitric acid (Sigma-Aldrich,
San Luis, CA, USA). A standard curve for the low concentration was prepared from the
lead stock standard (J.T. Baker, Phillipsburg, NJ, USA) to 0.1, 0.25, 0.5, 0.8, and 1 ppm. The
estimated limits are shown in Table 2.

Table 2. Limit of detection (LoD) and limit of quantitation (LoQ) for the electrochemical techniques.

Electrochemical Technique LoD (ppm) LoQ (ppm)

DPASV 1 0.002 0.002
LSASV 2 1.530 3.850

1 DPASV: differential pulse anodic stripping voltammetry. 2 LSASV: linear potential sweep anodic stripping
voltammetry.

All the experiments were performed using a three-electrode conventional electro-
chemical cell fabricated with glass and a capacity of 10 mL (Figure 2). The solutions were
prepared with a ratio of 1:2 (sample: cell volume), using 5 mL of amalgamating solution
[100 ppm of mercury (II) nitrate monohydrate (J.T. Baker, Phillipsburg, NJ, USA) and 0.2 M
potassium nitrate solution (Sigma-Aldrich, San Luis, CA, USA), gauged with nitric acid
10% v/v (J.T. Baker, Phillipsburg, NJ, USA)], and 5 mL of the digested sample. Each sample
was placed in a process of purging with nitrogen gas for 10 min.

The lead concentration measurements by DPASV were performed using the standard
addition method. This method consisted of adding aliquots of 1 or 0.5 μL (depending on
whether the initial current intensity was high or low) of a stock solution of lead (1000 ppm)
in 2 wt% nitric acid (Sigma-Aldrich, San Luis, CA, USA) until obtaining 3 to 5 additional
peaks concerning the initial concentration peak. The operating conditions consisted of
forming a mercury film and depositing the problem ions on the working electrode surface,
applying a potential of −1.2 V for 435 s and agitation at 900 rpm. Then, the agitation was
stopped for 45 s to homogenize the mercury amalgam. Subsequently, a sweep from −0.6 V
to −0.4 V was applied at a velocity of 20 mV/s (a pulse amplitude of 5 mV every 250 ms),
with pulse height and width of 50 mV and 50 ms, respectively. Each sample was analyzed
in duplicate.

The lead concentration measurements by LSASV were performed similarly. For this
case, 5 mL of amalgamating solution, 1.25 mL of digested sample, and 3.75 mL of deionized
water were added. A sweep from −1.2 to 0.3 V was applied at a velocity of 20 mV/s
(a pulse amplitude of 5 mV every 250 ms). Then, the agitation was stopped for 45 s. Each
sample was analyzed in duplicate.

The results obtained in the voltammograms were analyzed with a data analysis
program using the Origin Pro 8.0 software (OriginLab, Northampton, MA, USA). The
baseline of the curves was eliminated. The maximum current intensity of the samples
and the additions were plotted concerning the concentrations of the added aliquots of the
stock solution of lead, resulting in a graph with an exponential growth trend (Figure 3a).
Then, a linear regression of the data of the maximum current intensity obtained in the
voltammogram versus the lead concentrations of each added aliquot was performed
(Figure 3b). The value that is intersected with the ordinate corresponds to the sample
concentration without dilution factors. Finally, the obtained value was multiplied by the
dilution factors (125 of the digestion and 2 of the cell) to obtain the lead concentration.
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Figure 3. (a) Voltammograms of the leaf sample (assay number 6), where C1 and C2 are the initial
sample readings and A1, A2, and A3 are the lead additions. (b) The maximum current intensity
versus the lead concentration in the leaf sample (assay number 6).

2.3. Stage 3. Statistical Analysis of the Results

An analysis of variance (ANOVA) was performed from the experimental design using
Design-Expert® version 12 software (Trial version) (Stat-Ease, Inc., Minneapolis, MN, USA).
The significance of the model, the factors, and the lack of fit were established at a p-value of
<0.05 [31]. The prediction of the pathway for contamination (foliar or radicular absorption)
was determined from the results of the lead concentration, significant factors in the ANOVA,
and environmental conditions (the elevation profile and predominant wind direction).

3. Results and Discussion

3.1. Lead Concentrations in the Different Matrices

Table 3 shows the lead concentrations in the stem, leaf, pulp, and peel of the apple
trees and soil.

Table 3. Lead concentrations in apple trees and soil.

Assay Number
Factor 1: Apple
Tree Distance 1

Factor 2: Apple
Tree Part

Lead Concentration (ppm)

Apple Tree Soil

1 Low Stem 15.0 135
2 Medium Stem 18.3 172
3 High Stem 6.6 142
4 Low Leaf 16.7 135
5 Medium Leaf 21.5 172
6 High Leaf 24.2 142
7 Low Pulp 15.5 135
8 Medium Pulp 13.2 172
9 High Pulp 9.0 142

10 Low Peel 13.9 135
11 Medium Peel 28.3 172
12 High Peel 30.4 142
13 Low Stem 16.0 161
14 Medium Stem 10.7 164
15 High Stem 11.7 140
16 Low Leaf 21.6 161
17 Medium Leaf 30.7 164
18 High Leaf 19.4 140
19 Low Pulp 14.5 161
20 Medium Pulp 14.2 164
21 High Pulp 10.4 140
22 Low Peel 7.1 161
23 Medium Peel 11.3 164
24 High Peel 25.5 140

1 Distance between tailings dams of the mine and the study area centroids: low (80 m), medium (343 m), and high
(587 m).
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On the one hand, lead concentrations between 6.6 ppm and 18.3 ppm were found in
the stems of the apple trees, with the averages based on the distance of 15.5 ppm (low),
14.5 ppm (medium), and 9.2 ppm (high) (Table 3). Lead concentrations between 9 ppm and
15.5 ppm were found in the pulps of the apple, with the averages based on the distance
of 15 ppm (low), 13.7 ppm (medium), and 9.7 ppm (high) (Table 3). The distance between
the apple trees and the tailings dams of the mine could be a factor influencing the lead
concentration in the apple trees since the higher lead concentrations were identified in
apple trees of the low zone (80 m of tailings dams) and the lower ones in the high zone
(587 m of tailings dams).

On the other hand, the highest lead concentrations were found in the leaves of the
apple trees and the peels of the apples (Table 3). Lead concentrations between 16.7 ppm and
30.7 ppm, with averages based on the distance of 19.1 ppm (low), 26.1 ppm (medium), and
21.8 ppm (high), were found in the leaves of the apple trees (Table 3). Lead concentrations
between 11.3 ppm and 30.4 ppm were found in the peels of the apples, with averages based
on the distance of 15.5 ppm (low), 19.8 ppm (medium), and 28 ppm (high) (Table 3). It is
noted that the distance between apple trees and the tailings dams of the mine was not a
factor influencing the lead concentration since the higher lead concentration was estimated
in the apple trees of the medium zone (at 343 m of tailings dams). Therefore, the apple tree
distance (low, medium, and high) and apple tree part (stem, leaf, pulp, and peel) were the
factors studied in the experimental design, evaluating their influence on the response (lead
concentration) in the analysis of variance ANOVA.

Lead concentrations between 135 ppm and 172 ppm were found in the soil samples,
with the averages based on the distance of 148 ppm (low), 168 ppm (medium), and 141 ppm
(high) (Table 3). It can be noted that there is no clear trend in which the lead concentra-
tion has a direct relationship with the distance between apple trees and the tailings dams
of the mine. The Mexican Standard NOM-147-SEMARNAT/SSA1-2004 establishes cri-
teria for determining the remediation concentrations of the soils contaminated by lead
and other metals, specifying lead reference values of 400 ppm and 800 ppm for agricul-
tural/residential/commercial and industrial use [26]. None of the soil samples exceeded
the reference value for soil of agricultural use. Therefore, the soil of the apple tree plots
does not require remediation for lead contamination. However, the soil of the apple tree
plots has been contaminated since lead is naturally present in all soils at concentrations of
15 to 40 ppm [32], exceeding these values up to 4.3 times the analyzed soil samples in this
study. Hence, tailings dams of the mine could be a contamination source of lead in these
apple tree plots since lead is one of the minerals extracted by the mine.

Additionally, future contamination should not be ruled out if the control techniques
are not maintained at the tailings dams since Félix et al. [27] characterized the soil around
the tailings dams of the mine in this study in 2018, finding lead concentrations of 1115 ppm.
This value was 2.87 times higher than the reference value stipulated in the Mexican Stan-
dard [26]. Therefore, these results suggest that the lead is dispersed by wind erosion and
chemical wear of the tailings dams until it reaches the apple tree plots.

Irrigation water was taken from a surface water body and was discarded as a con-
tamination source of lead in the soil of the apple tree plots since a lead concentration of
0.012 ppm was found. This value was 416.7 and 166.7 times lower than the maximum con-
centrations for irrigation stipulated by the United States Environmental Protection Agency
(5 ppm) [33] and Mexican Standard NOM-001-SEMARNAT-2021 (2 ppm) [25]. Apple trees
are irrigated weekly with this water. However, this practice is considered suitable since it
does not represent a contamination source due to the very low lead concentration reported
in this study.
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The samples, considered blanks, showed 0.012 ppm, 0.100 ppm, 0.013 ppm, and
0.090 ppm in the stem, leaf, pulp, and peel, respectively. The average values of the study
area exceeded 13.1, 22.3, 12.8, and 21.1 times the blank values, respectively. Likewise, the
blank soil sample showed a lead concentration of 24 ppm. The average value of the soil
samples of the apple tree plots was 152.3 times higher than the blank value. Therefore, it is
evident that the apple tree plots are strongly contaminated by lead. The results suggest that
the leaves and peels of apple trees have a higher capacity to accumulate this contaminant.

The Food and Agriculture Organization of the United Nations and the World Health
Organization emitted the General Standard for Contaminants and Toxins in Food and Feed
through the Codex Alimentarius CXS 193-1995, stipulating a maximum lead level in apples
of 0.1 ppm [24]. The apples analyzed in this study exceeded 128 and 211 times this limit,
considering average values, and the highest values in the apple peel and pulp samples
exceeded 245 and 300 times, respectively. Hence, fruit represents health risks related to
lead in consumers of this product.

Table 4 shows studies on lead accumulation in crops near contaminated soils.

Table 4. Studies on lead accumulation in crops near contaminated soils.

Crops Lead Concentration (ppm) Reference

Oat 45.3 [34]
Broad bean 55.0 [34]

Maize 66.6–6166.0 [35]
Vegetables 0.1–0.3 [36]

Rice 2.0–16.0 [37]
Ipomoea 76.9 [38]

Apple 6.6–30.7 This study

García-Gallegos et al. [34] found that oat and broad bean crops can absorb lead from
the soil through their roots and translocate it to the aerial part (stems and leaves), showing
tolerance to the contamination by lead. They demonstrated that the plant height, root
volume, and total dry biomass are not affected by lead contamination. Therefore, the
plants did not show any phytotoxic effects by direct contact with lead-contaminated soil.
However, Ruiz-Huerta et al. [35] also studied the accumulation of arsenic and heavy metals
(among them lead) in maize near mine tailings. They identified visible affectations in the
plant, such as chlorosis, thinner leaves, and growth inhibition. In addition, lead was one of
the heavy metals with the highest concentration in maize (Table 4). Therefore, comparing
both studies with the results obtained in this work, it is evident that plants cultivated in
zones close to tailings dams of the mines accumulate heavy metals, causing visible and
non-visible toxic effects.

Zhuang et al. [36] investigated the contamination levels of lead in soils, vegetables,
and rice grown near the Dabaoshan mine in China. Generally, the vegetables did not exceed
the maximum permissible level recommended for fresh-leaf vegetables in China (Table 4).
However, the lead concentrations in different parts of the rice plant were in the order of
straw > hull > grain, with average values of 16 ppm, 5 ppm, and 2 ppm, respectively.
The values exceeded 7.2 times the permissible values (0.2 ppm) for cereals in China. The
authors [36] did not predict the pathway for contamination. However, they highlighted the
importance of investigating the status of heavy metal concentrations in food crops grown
near tailings dams.

Liu et al. [37] studied the heavy metal contamination of soils and crops affected by
a Chenzhou lead/zinc mine in Hunan, China. Cereal (rice, maize, and sorghum), pulses
(soybean, Adzuki bean, mung bean, and peanut), vegetables (ipomoea, capsicum, taro,
and string bean), and the rooted soils were the matrices studied. In general, edible leaves
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or stems of crops showed higher contamination than seeds or fruits. Ipomoea was the
most severely contaminated crop with lead (Table 4), finding concentrations in its leaves
8.5 times higher than the maximum permitted level (9 ppm). The results coincide with
those obtained in this work, where apple tree leaves showed the highest concentrations
(average values of 22.3 ppm, 21.1 ppm, 13.1 ppm, and 12.8 ppm in leaves, peels, stems, and
pulps, respectively).

Bioconcentration and translocation factors have been proposed to demonstrate the
behavior of heavy metals in plants. The bioconcentration factor evaluates the content of
heavy metals in the plant. It is calculated by dividing the metal concentration in the plant
part by the metal concentration in the soil. The translocation factor measures the quantity
of the heavy metals transferred from one organ to another. It is calculated by dividing the
metal concentration in the plant shoot by the metal concentration in the plant root and
shoot systems [39]. Bioconcentration factors were calculated for this study, showing values
of 0.45 and 0.43, 0.47 and 0.41, and 0.49 and 0.47 for the low, medium, and high zones,
respectively. These values are less than 1, indicating more lead in the environment than in
the apple trees [39]. Therefore, the lead in the environment is again associated with mine
waste (tailings dams) as a contamination source.

The translocation factors could not be calculated since the lead concentration in apple
tree roots was outside the scope of this study. However, it could be analyzed as future work
to rule out that apple trees are hyperaccumulating plants and act as phytoremediators of
the contaminated site. It is possible that the translocation factors would also result in values
less than one based on the values obtained in the bioconcentration factors. Therefore, apple
trees would be ruled out as hyperaccumulators or phytoremediators.

3.2. Statistical Validation

Table 5 shows the analysis of variance ANOVA of the 3 × 4 factorial design.

Table 5. Analysis of variance ANOVA of the 3 × 4 factorial design.

Source Sum of Squares Degree of Freedom Mean Square F Value p-Value

Model 837.31 11 76.12 3.15 0.0302
Factor 1 1 49.38 2 24.69 1.02 0.3891
Factor 2 2 406.01 3 135.34 5.60 0.0123

Factor 1 × Factor 2 381.93 6 63.65 2.64 0.0722
Pure Error 289.83 12 24.15
Cor Total 1127.15 23

1 Factor 1: Distance between apple trees and tailings dams of the mine. 2 Factor 2: Apple tree part.

It can be noted that the model of the experimental design is significant according to
the analysis of variance ANOVA since the p-value is less than 0.05 (Table 5). The distance
between apple trees and the tailings dams of the mine (factor 1) turned out to be a non-
significant factor since its p-value is higher than 0.05 (Table 5). This result coincides with
the results shown in Table 3, where it was demonstrated that the distance between apple
trees and the tailings dams of the mine did not influence the lead concentration since the
higher lead concentration was estimated in apple trees of the medium zone (at 343 m of
tailings dams).

On the other hand, the apple tree part (factor 2) is a significant factor since its p-value
is less than 0.05 (Table 5). The different parts of the apple trees showed average values
of lead concentration of 22.3 ppm, 21.1 ppm, 13.1 ppm, and 12.8 ppm in the leaves, peels,
stems, and pulps, respectively, from highest to lowest, highlighting significant differences
in the average value of each part of the apple trees. Likewise, the interaction of both factors
(factor 1 × factor 2) is also significant, with a p-value less than 0.05. Therefore, combining
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these two factors influences the lead concentration in apple trees. Although the main
effect of distance was not significant, it becomes relevant when interacting with the tree
part. Hence, the distance between apple trees and the tailings dams of the mine could not
be completely ruled out. Therefore, the pathway for contamination (foliar or radicular
absorption) was analyzed and predicted.

3.3. Pathway for Contamination (Atmospheric Deposition)

Figure 4 shows the elevation profile from the tailings dams of the mine to the apple
orchard. It can be observed that the average elevation profiles of the tailings dams and
apple orchards are 2530–2550 and 2490–2530 m above sea level, respectively. Although
the elevation difference between the tailings dams and the apple orchard would promote
the conditions for leaching heavy metals in the soil, the orography as a climatic factor
of the terrain prevents leachates from moving towards the apple orchard, generating a
natural barrier that surrounds the surface of the nearby soil between the crop area and the
mine tailings.

Figure 4. Elevation profile of the study area.

Wang et al. [38] analyzed the contamination of farmland and orchards with heavy
metals close to the tailings dams of an abandoned lead–zinc mine in Zixing City, China.
The residents primarily focus on cultivating fruit trees for commercial purposes, with
cultivating vegetables and staple crops as a secondary activity. However, the design and
construction of the tailings dams lacked proper standards. Wang et al. [38] predicted that
contamination is mainly caused by the migration and diffusion of the metals downstream
since tailings dams were in the upstream region. This condition did not apply to the study
area of this work.

Figure 5 shows the predominant wind direction of the study area. It can be noted that
the flow vector of the predominant wind direction that goes from the tailings dams to the
apple orchard is North-Northeast (NNE) and North (N), with an average velocity between
5.7 and ≥11.1 m/s. Both climatic elements (direction and velocity) promote the conditions
for a possible wind dispersion of particles to the crop plot. Based on the results of the
ANOVA, shown in Table 5, the distance between apple trees and the tailings dams was
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not a significant factor. Hence, fruit contamination could be attributed to the dispersion
of particulate material with lead content towards the apple orchard plots (atmospheric
deposition) caused by the predominant wind direction and velocity (Figure 5). Therefore,
the pathway for contamination was predicted as foliar absorption.

Figure 5. Predominant wind direction of the study area.

Zhu et al. [40] compared the mechanisms of heavy metal absorption from soil in the
leaves and roots of different crops. They identified that the highest absorption is in the
roots. However, they also found that there is foliar absorption of heavy metals present in
the air. The highest heavy metal concentrations in the leaves were lead, cadmium, arsenic,
and chromium. According to this study, it can be associated that the pathway for lead
contamination of the apple trees (leaves and fruit) is by atmospheric deposition (wind
erosion and chemical wear of the tailings dams of the mine). Therefore, it is verified that
lead accumulation in apple trees is caused by foliar absorption.

An evaluation of the influence of the seasonal period on lead concentrations found
in apple trees was outside the scope of this study. However, it is essential to consider
it as future work. This study was carried out during the months of rainfall on the site
(September 2019 presented a precipitation of 69 mm [41]), so this factor could have favored
the atmospheric deposition of lead on the aerial part of apple trees and promoted the
absorption and accumulation of this heavy metal. Yu et al. [42] demonstrated that atmo-
spheric deposition by sedimentation or dragging of raindrops positively impacts heavy
metal enrichment in crops. Therefore, the precipitation was a factor that affected the lead
concentrations found in the apple trees of this study.

3.4. Mitigation Measures in the Control of Contamination by Lead

Use of natural barriers as endemic trees to break or interrupt winds, as well as chem-
ical or biological stabilization with biosolids, the use of synthetic or vegetative covers
(phytostabilization), protection of the surface with recovered soil or materials that allow the
fixation of plant species native to the region, and carrying out reforestation and restoration
programs to stabilize the slopes of the main barrier to keep the surfaces protected from
erosion by wind and rain action are the mitigation measures proposed in the control of
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tailings dams of the mine. These measures could prevent solid particles from being emitted
into the atmosphere caused by the loss of moisture from the tailings dams’ surface or
the slope of the containment curtain and the formation of runoffs that affect surface and
underground water bodies [43].

The Food and Agriculture Organization of the United Nations (FAO) and the World
Health Organization (WHO) established the Code of Practice CAC/RCP 56-2004 for the
prevention and reduction of the presence of lead in foods and to reduce its content in
crops [44]. The proposed recommendations are outlined below.

• Periodically monitor the lead content in soils near crop plots and in the crop plots to
discharge that which exceeds the limits established in the environmental regulations.

• Do not use compounds containing lead, such as pesticides based on lead arsenate,
or substances that could be contaminated with lead, such as copper fungicides or
improperly prepared phosphate fertilizers.

• Do not use machines or equipment that use gasoline with lead as fuel, such as dryers.
• The product (apples) must be protected from lead contamination, for example, expo-

sure to lead from air, soil, or water contamination.
• Organic and inorganic amendments such as compost, biosolids, or manure can be

incorporated into the soil, and protective sheets can be used to reduce soil contact
deposition on trees and to prevent lead from becoming available to trees.

• Water for irrigation could be protected from sources of lead contamination, and its
lead content must be monitored to prevent or mitigate contamination of crops by lead.

• Periodically analyze the lead content in the fruit (apples) to ensure that its concentra-
tion does not exceed the limits established by the environmental regulations.

It is essential to ensure the safety and stability of tailings dams, controlling the envi-
ronmental impacts under the applicable regulations since their omission can cause severe
damage to the population and the environment and high economic losses. Such was
the case of the collapse of the tailings in Guangdong, China, in 2010. This event caused
economic losses of 460 million yuan, the death of 22 people, damage to 6370 houses, and an
affected crop area of 72.6 km2. The causes were associated with the climatological condi-
tions (heavy rain) and neglectful work of the mining departments (design, supervision, and
construction) [45]. Therefore, government authorities must pay attention to this activity
to avoid damage to the environment that causes high economic losses and damage to the
population by lack of control and stability of the tailings dams.

4. Conclusions

The results showed the possibility of potential lead exposure in consumers of apples
grown in the vicinity of the tailings dams of a mine in Zacatecas (Mexico) since the apple
peel and pulp samples exceeded 245 and 300 times, respectively—the allowed limit by the
Codex Alimentarius (0.1 ppm). The lead concentrations in soil (from 135 ppm to 172 ppm)
and irrigation water (0.012 ppm) were below the allowed limits by the Mexican standards
NOM-147-SEMARNAT/SSA1-2004 (<400 ppm) and NOM-001-SEMARNAT-2021 (2 ppm),
respectively, being discarded as contamination sources. However, lead concentrations in
the stem and leaf from 6.6 ppm to 30.7 ppm were found, predicting that the pathway for
contamination is by foliar absorption due to the wind dispersion of tailings dams that
arrive at the apple orchard. Therefore, the results of this study provide information on the
contamination by lead in fruit grown near tailings dams of a mine and the possibility of
human exposure to lead. In addition, the results support taking actions based on the Code
of Practice CAC/RCP 56-2004 for preventing and reducing lead contamination in foods
emitted by the FAO/WHO.
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Abstract: Soil contamination by potentially toxic elements (PTEs) poses a major environ-
mental concern. The distribution and concentration of these elements can vary significantly
in polluted areas, making detailed assessments crucial. A comprehensive analysis is es-
sential to accurately characterise contamination patterns, as a foundation for effective site
evaluation and remediation efforts. This study evaluates the effectiveness and reliability
of X-ray fluorescence (XRF) and inductively coupled plasma mass spectrometry (ICP-MS)
for determining PTEs in soil samples. Statistical analyses reveal significant differences
between the two techniques for Sr, Ni, Cr, V, As, and Zn, likely due to variations in detection
sensitivity, calibration methods, or matrix effects. Pb exhibits a weaker difference, sug-
gesting a potential, yet statistically insignificant, difference between methods. Correlation
analyses indicate a strong linear relationship for Ni and Cr, while Zn and Sr display high
variability, limiting direct comparability. Bland–Altman plots highlight systematic biases,
particularly for V, where XRF consistently underestimates concentrations compared to
ICP-MS. These findings underscore the importance of selecting the appropriate analytical
technique based on detection limits, sample characteristics, and measurement reliability.
While both methods provide valuable insights for environmental monitoring, carefully
considering their limitations is crucial for accurate contamination assessment.

Keywords: inductively coupled plasma mass spectrometry (ICP-MS); X-ray fluorescence
(XRF); soil; analytical difference

1. Introduction

Soil contamination by potentially toxic elements (PTEs) is a significant environmental
issue [1]. Polluted areas often show considerable variability in the distribution and concen-
tration of PTEs [2,3]. Therefore, a thorough and detailed area assessment is essential for a
comprehensive geospatial understanding of soil contamination [4]. This understanding is
a prerequisite for effective site characterisation and reclamation [5,6].

Measuring trace metals is crucial [7], especially in complex environmental matrices that
require analytical techniques to provide information about spatially distributed elements
and allow examination of their geochemical dynamics [8].

The comparison of screening techniques for PTE assessment is a critical area of re-
search, particularly in environmental monitoring and health risk assessments. Different
methods have distinct advantages and limitations that influence their applicability in vari-
ous contexts [9]. These differences can affect operational principles, sensitivity, and specific
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application scenarios. Inductively coupled plasma mass spectrometry (ICP-MS) and X-ray
fluorescence (XRF) are two of the most commonly used techniques in environmental moni-
toring, food safety, and health assessments. However, they each have distinct advantages
and limitations that determine their suitability for different analytical scenarios.

Inductively coupled plasma mass spectrometry (ICP-MS) is a highly sensitive and
precise analytical technique used to quantitatively determine trace and ultra-trace elements
in various sample types, including soils, water, and biological materials, providing essential
data for risk assessments [10]. It is widely recognised for its exceptional sensitivity and
low detection limits, often achieving levels as low as parts per trillion (ppt) for many
elements, multi-element analysis, and wide dynamic range. This makes it the preferred
method for trace elemental analysis, particularly for PTEs [11–13]. It is widely applied in
environmental, geological, and industrial analyses due to its ability to detect multiple ele-
ments simultaneously with low detection limits. This technique employs high-temperature
plasma to ionise the elements, followed by mass spectrometric analysis to quantify the ions
produced. The ability of ICP-MS to analyse multiple elements simultaneously [14] and
its high throughput capacity are additional advantages that enhance its utility in complex
sample matrices [11,15]. For instance, studies have demonstrated that ICP-MS can accu-
rately detect a wide range of elements, including PTEs such as lead, cadmium, and arsenic,
with high accuracy and precision [16]. Some limitations can be achieved for matrix effects,
sample preparation, which can be time-consuming, instrument cost, and maintenance.

X-ray fluorescence (XRF) is a non-destructive analytical technique that uses X-ray
excitation to induce fluorescence in a sample. This process allows identifying and quanti-
fying solid samples’ elemental composition, including soil, rocks, and sediments [17,18],
based on their characteristic X-ray emissions. The method relies on the interaction between
high-energy X-rays and the sample material to excite atomic electrons and generate charac-
teristic secondary (fluorescent) X-rays. XRF allows for qualitative and quantitative sample
composition analysis [19].

While XRF typically has higher detection limits than ICP-MS, it offers rapid analysis
and minimal sample preparation advantages. This makes it particularly well suited for field
applications and real-time monitoring [20,21]. Recent advancements in XRF technology, such
as the development of portable XRF analysers, have further enhanced its applicability in
various settings, including environmental assessments and food safety inspections [20,22].
Despite these advantages, XRF has some limitations. The penetration depth for fluorescence
emission in soil, particularly for lead, is restricted to the surface layer due to mass absorption
coefficients, soil density, and instrument characteristics [23]. As a result, a homogeneous
sample is required, which may need to be achieved through acid dissolution into liquids,
grinding, or preparing pressed pellets [24]. Additionally, XRF instruments are relatively
expensive and less accessible than other techniques, and their detection limits are higher than
those of inductively coupled plasma (ICP) methods.

One of the critical differences between these two techniques lies in their sensitivity to
sample matrix effects. ICP-MS requires sample digestion, often involving acid treatments,
which can introduce uncertainties if the digestion is incomplete or if certain elements are not
fully released from the matrix [25]. In contrast, XRF can analyse solid samples directly with-
out extensive preparation, which can be advantageous when dealing with heterogeneous
materials or when preserving the integrity of the sample is paramount [21,22]. However,
the non-destructive nature of XRF can lead to challenges in quantification, particularly for
elements present at low concentrations, as the technique may suffer from matrix effects
that can skew results [21].

Moreover, the operational costs associated with each technique differ significantly.
ICP-MS instruments are typically more expensive and require skilled personnel for op-
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eration and maintenance, which can limit their accessibility for routine analyses [12,22].
On the other hand, XRF instruments, especially portable versions, are generally more
affordable and user-friendly, allowing for broader adoption in various sectors, including
environmental monitoring and public health [20,21]. This cost-effectiveness makes XRF an
attractive option for preliminary screening, where rapid results are needed, and the highest
precision is not critical.

In terms of elemental coverage, both techniques have their strengths. ICP-MS can
analyse a wide range of elements, including those difficult to detect with XRF, such as
certain lanthanides and actinides [11,12]. Conversely, XRF can measure a broader spectrum
of elements in a single analysis, which can be particularly useful in applications where mul-
tiple elements must be assessed simultaneously [21,22]. However, the elements analysed
can vary based on calibration standards and instrument settings, which necessitates careful
method validation for accurate quantification [26].

The integration of both techniques can also provide complementary data, enhancing
the overall understanding of PTEs in various matrices. For instance, using XRF for initial
screening followed by confirmatory analysis with ICP-MS can help validate results and
provide a more comprehensive assessment of elemental concentrations [27]. This multi-
method approach is particularly beneficial in complex environmental studies, where the
presence of multiple contaminants may complicate the analysis.

The choice between ICP-MS and XRF ultimately depends on specific analytical require-
ments, including the type of sample, the elements of interest, the required detection limits,
and the available resources. For instance, in environmental studies where trace levels of
toxic metals are of concern, ICP-MS may be the preferred technique due to its superior
sensitivity [11,15]. Conversely, for rapid screening in field conditions or when analysing
bulk materials, XRF may be more appropriate due to its speed and ease of use [20,21]. In
terms of specific applications, both techniques have been employed to assess the presence
of toxic elements in various contexts. For example, studies have utilised ICP-MS to evaluate
the concentrations of heavy metals in bone samples, revealing significant disparities in
results compared to XRF [28]. Similarly, XRF has been effectively used to screen for toxic
elements in consumer products, demonstrating its utility in regulatory contexts [25]. The
choice between ICP-MS and XRF often depends on the specific requirements of the analysis,
including the desired sensitivity, the nature of the sample, and the available resources.

In conclusion, while ICP-MS and XRF are valuable tools for PTE analysis, their distinct
operational characteristics, sensitivity, and application contexts necessitate careful consider-
ation when selecting the appropriate technique for a given analytical task. Integrating both
methods in a complementary manner could also be beneficial, allowing for the strengths of
each technique to be leveraged in comprehensive analytical workflows.

This study aims to compare the effectiveness and reliability of two analytical
techniques—X-ray fluorescence (XRF) and inductively coupled plasma mass spectrometry
(ICP-MS)—in determining the concentrations of PTEs in soil samples. Soil from urban and
peri-urban areas of the municipalities of Cosenza and Rende, in Calabria, southern Italy,
was analysed to assess these methods’ consistency, accuracy, and applicability, providing
insights into their suitability for environmental monitoring and contamination assessment.

2. Materials and Methods

2.1. Study Area

The study area, covering 92 km2, is situated in the Cosenza–Rende territory in the
Calabria region (southern Italy) and is characterised by high vehicular traffic. It lies within
the Crati Basin graben, which the Sila Massif borders to the east and the Coastal Chain to
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the west [29]. The Crati Basin is an NW-oriented tectonic depression that formed during the
Pliocene and has been influenced by faults associated with the horst–graben system [30–32].

Geologically, the area features a thick succession of Pliocene sediments, Pleistocene
to Holocene alluvial sands, and Miocene carbonate rock outcrops [33–35], which overlie
a Paleozoic intrusive–metamorphic complex formed by paragneiss, biotite schists, and
grey phyllitic schists with quartz, chlorite, and muscovite, which, in some cases, are in the
process of weathering. The predominant soil types include Fluvisols, Leptosols, Arenosols,
Cambisols, Calcisols, Umbrisols, and Phaeozems [36], as well as Vertisols, Luvisols, Entisols,
Inceptisols, Mollisols, and Alfisols [37], as mapped in the Calabria region’s 1:250,000-scale
soil map [38].

The area experiences a temperate continental climate, marked by significant daily
and annual temperature variations [39]. The local soils primarily derive from sediments
originating from the surrounding mountain massifs [40].

2.2. Soil Sampling

In this study, a collection of 50 soil samples from both residual and non-residual
topsoil across various locations, including gardens, parks, flowerbeds, and agricultural
fields within the study area, was performed. Additionally, duplicate pairs from every 10th
site, which were then split in the laboratory to create replicates, were collected. Before
sampling, surface litter was removed from each site.

Topsoil samples (0–10 cm in depth) were collected from five locations—one at each
corner and one in the centre of a 20 × 20 m square—using a hand auger. These samples
were combined to create a bulk sample. The collected soil was thoroughly mixed, and
any foreign materials, such as roots, stones, pebbles, and gravel, were removed. The
final volume of the sample ranged from 1 to 1.5 kg, which was further reduced by half
through quartering.

2.3. Determination of PTE Contents Using XRF and ICP-MS Techniques

Soil samples were dried at 40 ◦C in the laboratory to eliminate moisture, ensuring a
water-free reference for elemental analysis. The soil was then homogenized and sieved to
obtain fine soil particles (≤2 mm). All subsequent analyses were conducted on this fine
soil, serving as a standard interstudy comparison reference.

Each prepared soil sample was analysed using X-ray fluorescence spectrometry (XRF)
and inductively coupled plasma mass spectrometry (ICP-MS) to determine the concentra-
tions of arsenic (As), chromium (Cr), nickel (Ni), lead (Pb), strontium (Sr), vanadium (V),
and zinc (Zn).

In this study, the XRF instrument used was the wave dispersive X-ray fluorescent
spectrometer Philips PW 1480 (Amsterdam, The Netherlands), with a rhodium anti-cathode
tube. It was calibrated using certified reference materials to ensure accurate quantification,
precisely the reference rock powders JA-1 andesite, JB-1a basalt, JF-1 feldspar, and JGb-1
gabbro issued by the Geological Survey of Japan [41]. Fine soil samples were compressed
into pellets and placed in the spectrometer, and an X-ray beam was directed at the surface.
The emitted fluorescence signals were recorded, and the software processed the spectral
data to identify and quantify the elements.

In this study, for the ICP-MS method, PTEs were extracted using microwave-assisted
digestion in closed Teflon (TFM) vessels with automated pressure and temperature control.
The digestion process employed 14 mL of a ternary acid mixture consisting of 6 mL of
perchloric acid (HClO4), 5 mL of hydrofluoric acid (HF), and 3 mL of nitric acid (HNO3)
added to a sample quantity of 0.100 g. After the application of the thermal program,
the vessels were cooled and opened, and the digested solutions were transferred into
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50 mL PFTE containers and placed on a plate at 200 ◦C to allow their reduction to gel.
An evaporation process was then planned. The dissolution procedure was repeated a
second time by adding 2 mL of HClO4. After the evaporation of this second phase, 5 mL of
HNO3 was added, and the containers were then left to cool. The residue is dissolved in
2 mL HNO3 and 3–5 mL ultra-pure water, heated at 60–80 ◦C overnight, transferred to a
polycarbonate container, and diluted to 100 mL (1000× dilution of sample) before analysis.
Analysis of the soil samples was carried out using an ICP-MS PerkinElmer SCIEX—ELAN
6100 DRC-e (MDS Inc., Concord, ON, Canada). The measurement conditions for ICP-MS
are presented in Table 1.

Table 1. Measurement conditions for ICP-MS (Perkin-Elmer Sciex ELAN 6100 DRC-e).

ICP-MS Parameter Value

RF power—W 1200
Argon plasma gas flow—L min−1 15

Nebulizer gas flow—L min−1 0.82–0.86
Auxiliary gas flow—L min−1 1.15

Lens voltage—V 6.00
Nebulizer Cross flow

Plasma torch quartz
Sample uptake—mL min−1 1

Scanning mode Peak hop
Dwell time—ms 50
Sweeps/Reading 20

Number of replicates 3
Read delay time—s 15

Cell gas CH4
DRC gas flow—mL min−1 0.7
RPq (rejection parameter q) 0.65

Isotope ratio precision
(RSD for Ag-107/Ag-109) <0.2%

LOD—μg kg−1

Sr 0.24
Ni 0.27
Cr 5.02
V 1.9
As 0.7
Pb 0.31
Zn 2.5

Elemental concentrations were then determined according to established international
standard methodologies (Table 2). Accuracy of the data was determined as <3% through
analysis of the U.S. Geological Survey standards AGV-1, BCR-1, BR, DR-N, GA, GSP-1,
and NIM-G, described in the Geochemical Database for Reference Materials and Isotopic
Standards (GeoReM, http://georem.mpch-mainz.gwdg.de/, accessed on 18 December
2024) at the rate of 1 per each batch of 20 samples. Duplicate analyses were included in each
batch at a frequency of one in twenty samples. Measurement errors were assessed using
the relative standard deviation (<5%), calculated from three random sample replicates.

Single-element standard solutions of Cr, Ni, Pb, V, and Zn with an initial concentration
of 10 μg/mL were mixed and used for calibration after appropriate dilution to obtain the
following concentrations: 0.5, 1.0, 5.0, 10.0, 25.0, and 50.0 ng/mL.

All solutions were prepared with double deionized water (Millipore Purification
System Synergy, Molsheim, France).
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Table 2. Mean concentrations (mg kg−1) obtained for the U.S. Geological Survey standards.

U.S.G.S. Standards Sr Ni Cr V As Pb Zn

AGV-1 0.51 0.01 0.008 0.12 0.09 0.03 0.08
BCR-1 0.31 0.01 0.13 0.4 0.61 0.01 0.12

BR 1.32 0.2 0.03 0.32 0.02 0.05 0.16
DR-N 0.4 0.01 0.04 0.22 0.003 0.05 0.14

GA 0.31 0.007 0.02 0.03 0.001 0.03 0.08
GSP-1 0.36 0.008 0.01 0.05 0.0001 0.05 0.1
NIM-G - 0.02 0.01 0.003 0.02 0.04 0.03

Accuracy (%) 1.1 2.4 2 2.8 1.1 2.8 1.4
RPD (%) 2.3 1.3 1.8 1.1 1.1 2.7 1.5

2.4. Statistical Analyses

Statistical analyses were performed on each dataset. The paired t-test was used to com-
pare the means of two related samples to assess whether they had a significant difference.
The Wilcoxon signed-rank test was used to determine statistical similarities or differences
for non-parametric datasets containing two related samples. Regression analysis was
conducted using Microsoft Excel to determine if a relationship existed between datasets.

3. Results and Discussion

Table 3 summarises the statistics of the soil samples determined by both the XRF and
ICP-MS techniques.

Table 3. Descriptive statistics on PTEs (mg kg−1) in soil samples, determined using XRF and ICP-
MS techniques.

Sr Ni Cr V

XRF ICP-MS XRF ICP-MS XRF ICP-MS XRF ICP-MS

N. samples 50 50 50 50 50 50 50 50
Min 120.00 105.19 19.00 15.76 47.00 45.71 64.00 96.48
Max 384.00 490.39 82.00 68.11 309.00 231.56 197.00 257.03
Median 233.50 209.70 33.00 25.93 85.50 72.26 100.50 135.73
Mean 231.42 208.94 35.12 27.99 91.36 76.83 107.18 143.93
St. dev. 67.22 68.79 11.07 8.97 37.84 27.63 28.40 36.29
CV (%) 29 32.9 31.5 32 41.4 36 26.5 25.2
Skewness 0.348 1.447 1.582 1.951 3.859 3.693 1.211 1.009
Kurtosis −0.203 4.172 4.748 6.250 20.03 17.92 1.456 0.687
Difference mean −22.48 (ICP < XRF) −7.12 (ICP < XRF) −14.53 (ICP < XRF) +36.75 (ICP > XRF)
Largest absolute difference 109.39 14.95 77.44 159.03

As Pb Zn

XRF ICP-MS XRF ICP-MS XRF ICP-MS

N. samples 50 50 50 50 50 50
Min 4.00 4.43 12.00 14.85 43.00 78.36
Max 14.00 18.98 247.00 250.93 871.00 689.48
Median 7.00 8.73 32.50 36.29 116.50 160.72
Mean 7.58 9.16 65.38 70.01 181.40 211.39
St. dev. 2.74 3.25 71.02 70.97 172.81 138.08
CV (%) 36.2 35.5 108.6 101.4 95.3 65.3
Skewness 0.735 1.238 1.467 1.459 2.328 1.986
Kurtosis −0.532 1.615 0.673 0.530 5.258 3.697
Difference mean +1.58 (ICP > XRF) +4.63 (ICP > XRF) +29.99 (ICP > XRF)
Largest absolute difference 14.98 62.15 355.22
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The statistical analysis of elemental distributions reveals that most elements exhibit
a right-skewed pattern. This means that while most measurements are clustered around
lower values, a few samples show notably higher concentrations. These high-concentration
outliers can influence overall variability and must be carefully considered when comparing
analytical techniques.

When comparing the two methods, ICP-MS generally shows broader distributions,
suggesting more significant measurement variability than XRF [42–45]. This could be at-
tributed to its higher sensitivity, lower detection limits, or potential matrix effects affecting
certain elements. In contrast, XRF measurements tend to be more tightly clustered, exhibit-
ing lower variability but potentially underrepresenting extreme values [43,46]. Notably,
XRF demonstrates higher kurtosis for some elements, indicating the presence of more ex-
treme values, while ICP-MS typically has lower variability—except for Zn, which displays
significant dispersion, suggesting inconsistencies in its measurement across samples [42].

3.1. Specific-Element Variability and Trends

Examining variability in more detail, the coefficient of variation (CV) highlights Pb
and Zn as the elements with the highest variability, indicating substantial fluctuations
in concentration measurements across both methods. Additionally, Cr stands out with
the highest skewness and kurtosis, emphasizing its strongly asymmetric distribution and
the presence of extreme values. An observation of individual elements reveals method-
specific trends:

• Strontium (Sr): ICP-MS and XRF produce similar distributions, though XRF reports a
slightly higher median value.

• Nickel (Ni): The ICP-MS distribution appears more skewed, with a few samples
displaying significantly higher concentrations than the rest.

• Chromium (Cr): The XRF distribution has a wider tail on the higher concentration
side, suggesting a tendency for overestimation in some samples.

• Vanadium (V): ICP-MS and XRF exhibit noticeable differences, with XRF yielding a
tighter distribution and less variability.

• Arsenic (As): XRF measurements appear more uniformly distributed, whereas ICP-
MS results include a few higher outliers, suggesting greater sensitivity in detecting
lower-concentration variations.

• Lead (Pb): Both methods demonstrate high variability, but ICP-MS reports more
extreme values, potentially due to its greater sensitivity at lower concentrations.

The observed higher variability in ICP-MS data may result from its greater sensitivity
and lower detection limits, which can amplify measurement fluctuations, particularly for
trace elements. Additionally, systematic biases in elements such as Cr and Pb suggest
potential influences from factors like calibration differences, instrument-specific detection
efficiencies, or matrix effects that alter how elements interact with the measurement process.
In contrast, the generally tighter distributions seen in the XRF data imply more reliable
measurements, though this reliability could come at the cost of missing some extreme
values that ICP-MS captures. This difference in measurement behaviour underscores the
importance of understanding each technique’s strengths and limitations when interpreting
the results. These findings align with those of previous studies. Significant differences have
been reported between ICP-MS and XRF for elements such as strontium, nickel, chromium,
arsenic, and zinc, with lead showing a weaker yet notable variation [47–49].

3.2. Statistical Validation: Paired t-Test and Wilcoxon Signed-Rank Test Analysis

A paired t-test was conducted to formally assess whether ICP-MS and XRF produce
significantly different measurements. This test evaluates whether the mean differences
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between paired ICP-MS and XRF values are statistically significant. The calculations were
performed between the mean values from each dataset, the standard deviation of each
group, and the number of data values. The results of the paired t-test are summarized in
Table 4. The statistical findings further reinforce the observed trends, confirming that some
elements exhibit strong measurement discrepancies between techniques.

Table 4. Paired t-test analysis. The results were calculated as mean ± SD for each technique across
all samples.

Element t-Statistic p-Value

Sr 5.63 8.80 × 10−7

Ni 13.40 5.22 × 10−18

Cr 5.84 4.14 × 10−7

V −7.66 6.39 × 10−10

As −3.35 1.56 × 10−3

Pb −1.99 5.17 × 10−2

Zn −3.10 3.23 × 10−3

The p-value is a key statistical metric used to determine whether the differences
observed between the XRF and ICP-MS measurements are statistically significant. A p-
value below 0.05 indicates strong evidence that the differences between the two methods
are unlikely to be due to random variation alone, suggesting a statistically significant
discrepancy. Conversely, a p-value above 0.05 implies that any observed differences could
be due to chance, meaning that the two methods yield comparable results for that element.

In this analysis, the elements Sr, Ni, Cr, V, As, and Zn exhibit p-values below 0.05,
indicating significant differences between the measurements obtained using XRF and ICP-
MS. These differences could be attributed to variations in detection sensitivity, calibration
methods, or matrix effects specific to each technique [50].

Lead presents a p-value of 0.0517, slightly above the conventional significance thresh-
old of 0.05. This suggests that the difference between XRF and ICP-MS measurements
for Pb is relatively weak and does not meet the strict criteria for statistical significance.
However, given its proximity to the threshold, it may still indicate a potential difference
that could be relevant in practical applications, especially if additional factors such as
sample heterogeneity or instrumental precision are considered.

Overall, these statistical results highlight method-dependent variations in elemental
measurements, emphasizing the importance of understanding the strengths and limitations
of each analytical technique when interpreting soil composition data.

The Wilcoxon signed-rank test is a non-parametric statistical method used to determine
whether there are significant differences between two related datasets—in this case, ICP-
MS and XRF measurements. Unlike parametric tests, such as the paired t-test, which
assumes normally distributed differences, the Wilcoxon test does not require normality
and is, therefore, more reliable when the data exhibit skewness, outliers, or other non-
normal characteristics [51–53]. This makes it particularly useful for comparing element
concentrations when distributions are irregular or highly skewed.

By applying the Wilcoxon signed-rank test and the paired t-test, valuable insights can
be gained regarding the nature of differences between ICP-MS and XRF measurements.
This feature is critical in the context of ICP-MS and XRF measurement comparisons, where
underlying data may be influenced by various factors, including measurement noise and
variability inherent in analytical procedures [54].

If both p-values from the Wilcoxon test and the t-test are low (p < 0.05), this in-
dicates that ICP-MS and XRF measurements differ systematically, meaning that the
observed differences are unlikely to be due to random variation alone. In this case,
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the two methods may not be interchangeable for certain elements, and the source of
systematic discrepancies—such as calibration issues, matrix effects, or differences in
sensitivity—should be further investigated.

If the Wilcoxon test is significant (p < 0.05), but the paired t-test is not, this suggests
that the difference between the two methods is likely due to non-normal behaviour in
the data rather than a simple shift in mean values. Such a result implies that the dataset
contains skewed distributions, outliers, or heavy tails, which influence the Wilcoxon test
but not the t-test. This outcome underscores the importance of considering distribution
shape when comparing analytical techniques.

If neither test is significant (p > 0.05), this suggests that ICP-MS and XRF are in strong
agreement, with no statistically meaningful differences in their distributions. In such cases,
the methods can be considered interchangeable for the elements under study, at least within
the given measurement conditions.

3.3. Bar Chart

The bar chart comparing the mean differences (ICP-MS—XRF) and the largest absolute
difference for each element provides a visual representation of how the two measurement
techniques (ICP-MS and XRF) compare in terms of both average differences and extreme
values (Figure 1). The chart includes blue bars representing the mean differences and red
bars representing the largest absolute differences.

Figure 1. Bar chart values determined using XRF and ICP-MS techniques.

The blue bars reflect the mean differences between each element’s ICP-MS and XRF
measurements. These values are calculated by subtracting the XRF measurement from
the ICP-MS measurement for each paired observation. Positive mean differences indicate
that ICP-MS tends to report higher concentrations than XRF for the respective elements.
This could suggest that ICP-MS is more sensitive or has a lower detection limit for that
element, leading to higher readings. Negative mean differences suggest that XRF tends to
overestimate the concentrations, reporting higher values compared to ICP-MS.

The red bars represent the largest absolute difference observed between the ICP-MS
and XRF measurements for each element. This value highlights the maximum difference
observed in any individual pair of measurements, providing insight into outliers or extreme
variations. Large values for the red bars indicate that while the average difference between
the two techniques might be small, there are individual measurements where the difference
is much more substantial. These extreme differences may be due to sample heterogeneity,
instrumental calibration issues, or matrix effects.
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The element-specific observations suggest that the mean difference for V is +36.75,
indicating that ICP-MS consistently reports higher concentrations than XRF. This significant
positive value suggests that ICP-MS might have better sensitivity for V or is better equipped
to detect lower concentrations, leading to its higher values compared to XRF.

Zinc shows the largest absolute difference at 355.22, meaning that there are instances
where the differences between ICP-MS and XRF are very large for certain samples. This
suggests that some individual samples have extreme variation, potentially due to outliers,
instrumental inconsistencies, or matrix effects that impact the measurements from both
techniques differently.

Strontium, nickel, and chromium show negative mean differences, indicating that XRF
tends to overestimate concentrations compared to ICP-MS. For these elements, the negative
values suggest systematic overreporting by XRF, which could be due to factors such as
calibration bias, matrix effects, or differences in the sensitivity of the two techniques.

Arsenic and lead show relatively small mean differences, meaning that the overall
concentrations measured using ICP-MS and XRF are fairly similar on average. However,
there is still some variation, reflected in the differences between individual samples. This
suggests that while the methods agree in general, there are still occasional differences that
could be due to instrumental or environmental factors influencing the results.

The overall agreement vs. variability suggests that both the general trend (mean
difference) and the potential for outliers (absolute difference) make it clear that while
ICP-MS and XRF may produce similar results for some elements, there are cases where
significant differences arise. Understanding the sources of these differences—whether due
to instrument-specific factors, sample heterogeneity, or calibration differences—is essential
for making informed decisions about which method to use for each element [55,56].

3.4. Regression Trends

The scatter plots in Figure 2 visually represent the relationship between the mea-
surements obtained using ICP-MS and XRF for each element, performed by a Pearson
correlation analysis, whose results are reported in Table 5. Each point on the plot corre-
sponds to a paired observation for a specific element, with the x-axis representing the XRF
measurement and the y-axis representing the ICP-MS measurement. The green line in each
plot represents the ideal 1:1 correlation, where the measurements from both techniques
would be identical, meaning that for any given value of XRF, ICP-MS would report the
same value. The closer the data points are to this line, the stronger the agreement between
the two techniques.

Some elements, such as Ni and Cr, show a clear linear relationship between ICP-MS
and XRF measurements, meaning that the two methods tend to produce similar results
across the measured concentration range. In these cases, the data points closely follow the
1:1 line, suggesting that there is a good correlation between the two techniques.

For elements like Zn and Sr, the scatter plots reveal significant dispersion (scatter of
points), indicating high variability between the measurements obtained using ICP-MS and
XRF. This suggests that while the two methods might provide some consistent readings,
there are substantial fluctuations and discrepancies in the measurements for these elements,
reducing the reliability of direct comparisons.
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Figure 2. Scatter plots.

Table 5. Correlation analysis.

Element Pearson Correlation (r) p-Value

Sr 0.91 (strong) 2.01 × 10−20

Ni 0.95 (very strong) 3.65 × 10−26

Cr 0.90 (strong) 4.01 × 10−19

V 0.47 (moderate) 5.46 × 10−4

As 0.39 (weak) 4.69 × 10−3

Pb 0.97 (very strong) 2.50 × 10−32

Zn 0.93 (very strong) 4.34 × 10−22

130



Toxics 2025, 13, 314

In the case of V, there is an observable trend where XRF underestimates concentrations
compared to ICP-MS. The data points for V tend to fall below the 1:1 line, suggesting that
XRF consistently reports lower concentrations than ICP-MS for this element.

3.5. Correlation Analysis

Table 4 shows the Pearson correlation analysis results. The correlation coefficient (r),
which ranges from −1 to +1, quantifies the degree of association between the two methods:
r = 1 indicates perfect positive correlation, r = −1 indicates perfect negative correlation,
and r = 0 indicates no correlation.

For Ni, Pb, Zn, Sr, and Cr, the correlation coefficients exceed 0.90, suggesting a very
strong correlation between ICP-MS and XRF and highlighting that both ICP-MS and XRF
perform similarly in terms of precision and accuracy. This strong relationship indicates
that one method does not systematically overestimate or underestimate the concentrations
compared to the other. Given the strong correlation for these elements, it may be possible
to use either ICP-MS or XRF interchangeably when measuring them, without a significant
risk of differences. The strong relationship also suggests that the methods likely measure
the same underlying phenomenon, with any differences likely being within acceptable
limits for analytical purposes.

For V and As, the correlation coefficients are below 0.50, indicating a weaker correla-
tion between ICP-MS and XRF, implying that the measurements from ICP-MS and XRF do
not consistently align. This inconsistency may suggest that either or both techniques are
influenced by factors that are not equally addressed by the two methods. These differences
could arise from differences in sensitivity, detection limits, or matrix effects specific to these
elements. The weak correlation between ICP-MS and XRF for V and As may indicate that
one method tends to underestimate or overestimate the concentration of these elements
compared to the other. In this case, the choice of method may need to be based on the
specific requirements of the analysis. For example, if high precision is critical, it may be
important to rely on the method that shows the most consistent results for these elements,
or further optimization and validation might be required to align the two methods.

3.6. Bland–Altman Plot Analysis

The Bland–Altman plot is a powerful tool for assessing the agreement between the
two measurement techniques. Rather than simply evaluating correlation, it provides a
visual representation of systematic biases and identifies outliers where the two methods
diverge significantly [57].

In the Bland–Altman plot, the x-axis represents the mean concentration for each
sample, calculated as

Mean =
ICP-MS + XRF

2
The y-axis represents the difference between ICP-MS and XRF for each sample:

Difference = ICP-MS − XRF

In the Bland–Altman plot shown in Figure 3, the green line represents the mean
difference, indicating whether one method systematically reports higher values than the
other. The grey dashed lines represent the limits of agreement (±1.96 standard deviations
from the mean), capturing 95% of the data. Points outside this range are considered outliers,
representing significant discrepancies between the two techniques.
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Figure 3. Bland–Altman plots.

Certain samples exhibit differences exceeding ±1.96 standard deviations, suggesting
major disagreements between ICP-MS and XRF. These outliers may arise from matrix
effects, instrument limitations, calibration errors, or sample inhomogeneity.

For Sr,

• the sample CSRN137 exhibited an extreme difference of +109.39, with ICP-MS report-
ing 490.39 and XRF reporting 381.

For Ni,
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• the samples CSRN020, CSRN024, and CSRN126 showed a ~15 unit lower value in
ICP-MS compared to XRF.

For Cr,

• the sample CSRN074 showed an ICP-MS value of 231.56 and an XRF value of 309
(−77.44 difference)

• the sample CSRN097 showed an ICP-MS value of 127.61 vs. an XRF value of 87
(+40.61 difference).

For V, the largest outliers were represented by

• the sample CSRN135, with a +159.03 difference (ICP-MS 257.03 vs. XRF 98),
• the sample CSRN042, with a +107.58 difference,
• the sample CSRN133 with a +120.03 difference.

As displayed, the largest difference was for

• the sample CSRN042 (+14.98), with ICP-MS 18.97 and XRF 4.

Pb,

• with the sample CSRN113 showed a difference of -62.15, with ICP-MS being 14.85 and
XRF 77.

Zn exhibited an extreme outlier with

• the sample CSRN067: a difference of +355.22, with being ICP-MS 434.22 and XRF 79.

Several factors could explain the observed differences and outliers between ICP-MS
and XRF measurements.

The ICP-MS technique is highly sensitive but subject to matrix suppression, where
certain sample components interfere with ionization efficiency. In contrast, the XRF tech-
nique is a surface-sensitive technique, meaning that non-homogeneous samples can lead
to errors.

Moreover, element-specific interference can occur; for example, for vanadium, ICP-MS
consistently reports much higher values than XRF since XRF may not efficiently detect V at
low concentrations due to its excitation energy constraints. For nickel, for some samples,
XRF consistently reports higher values than ICP-MS. This can be due to background correc-
tion errors in XRF affecting Ni detection. XRF may underestimate vanadium concentrations
due to its low sensitivity in certain energy ranges.

In addition, XRF analyses only the surface layer, while ICP-MS analyses a fully di-
gested sample. If a sample is not ground evenly, different elemental distributions may be
measured using each technique.

XRF has higher detection limits than ICP-MS, making it less sensitive to low concen-
trations. Background noise in XRF can cause misclassification of elements.

The Bland–Altman approach focuses on individual sample-level agreement, iden-
tifying whether measurements from XRF and ICP-MS consistently align. On the other
hand, the t-test method evaluates differences across the entire dataset rather than at the
sample level. Outliers influence Bland–Altman more strongly, as it highlights large devia-
tions in specific cases, while the t-test accounts for overall distribution trends, capturing
method-dependent variations more broadly. Thus, while Bland–Altman suggests that
the methods generally agree, it also reveals cases of major discrepancies. Meanwhile, the
t-test demonstrates that despite individual agreements, systematic biases exist, reinforcing
the need to carefully interpret the results based on the strengths and limitations of each
technique.
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4. Conclusions

This study compared the effectiveness and reliability of X-ray fluorescence (XRF) and
inductively coupled plasma mass spectrometry (ICP-MS) for determining potentially toxic
elements in soil samples from urban and peri-urban areas of Cosenza and Rende, Calabria,
southern Italy. The analysis revealed both the strengths and limitations of each technique,
emphasizing their suitability for different applications in environmental monitoring and
contamination assessment.

ICP-MS demonstrated higher sensitivity and a broader dynamic range, making it
more effective for detecting low concentrations of PTEs. However, it also exhibited greater
variability, likely due to matrix effects and instrumental calibration differences. XRF, while
providing rapid and non-destructive analysis, tended to underestimate certain elements
(e.g., V) and exhibited lower accuracy in highly heterogeneous samples. The statistical
analysis showed significant differences between the two methods for Sr, Ni, Cr, V, As, and
Zn, while Pb presented a weaker but notable discrepancy.

These findings emphasise the importance of understanding the limitations and
strengths of each technique when interpreting soil composition data. While ICP-MS and
XRF may provide comparable results for some elements, significant differences arise in
others, particularly due to matrix effects, calibration inconsistencies, and instrumental
sensitivities. Therefore, careful consideration should be given to the choice of analytical
method depending on the element of interest, ensuring accurate and reliable assessments
of elemental concentrations in environmental and geochemical studies.
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Abstract: This study investigates the impact of volcanic ash from Cotopaxi Volcano on the
nutritional quality and biological traits of potato tubers (Solanum tuberosum L.) cultivated
in the Cotopaxi region. Methods: Samples collected from exposed and unexposed areas
were used to characterize the volcanic ash influence on the metabolic aspects of the potato
crop. The colorimetric method; DPPH, ABTS, and FRAP assays; and ICP-OES were used to
better understand potatoes’ reaction to the stress. Results: Antioxidant activity was signifi-
cantly higher (4.80 ± 2.38 μmol Trolox g−1 DW-DPPH assay; 11.05 ± 2.57 μmol Trolox g−1

DW-ABTS assay; and 11.96 ± 4.57 μmol Fe2+ g−1 DW-FRAP assay) in ash-exposed samples,
suggesting enhanced stress responses. The bioactive compounds studied followed a compa-
rable trend, with high content in the exposed tubers. Also, significant changes in elemental
composition were registered: Potassium levels decreased in unexposed samples, while
magnesium and iron levels increased. Metallic elements (zinc; lithium; boron; manganese;
barium; lead; nickel; chromium; indium) were in concentrations <0.01 mg/kg. Conclusion:
These findings demonstrate that volcanic ash alters the metabolic and antioxidant profiles
of potato tubers, enhancing nutraceutical properties while posing food safety risks due to
heavy metals. This dual impact highlights the challenges and opportunities for agriculture
in volcanic regions like Cotopaxi.

Keywords: antioxidant activity; flavonoids; heavy metals; inductively coupled plasma
(ICP); phenolic compounds; Solanum tuberosum L.; volcanic ash

1. Introduction

Potatoes are among the most widely grown crops worldwide, due to their high yield
potential and ability to grow in diverse climatic conditions [1]; they are recognized as a
vital resource in nutrition [2] and agricultural versatility.

For the Andean region, potato tubers are one of the most important crops, where
diverse environmental factors contribute to their development and quality. The Andean
region is a treasure trove of potato genetic diversity, which is crucial for ensuring the
resilience of potato crops to pests, diseases, and climate change [3].

Toxics 2025, 13, 453 https://doi.org/10.3390/toxics13060453
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Comprehending the interplay between volcanic ash and plant development is impor-
tant to assess the risks to agriculture and public health in volcanic regions. The Cotopaxi
Volcano, one of the most active volcanoes in the world, emits ash characterized by a unique
composition of minerals and heavy metals that significantly influences the surrounding
agricultural lands, with both beneficial and detrimental aspects [4]. According to Smith and
Lee, 2020 [5], volcanic ash contains silica, aluminum, iron, calcium, and magnesium, with
reported increases of 20–30% in phenolic content in crops exposed to volcanic soils [6]. We
hypothesize that volcanic ash from Cotopaxi increases the antioxidant profiles of potatoes,
improving their nutraceutical quality, although it could increase food safety risks due to
heavy metal accumulation. These elements can alter soil properties, potentially affecting
the morphological and chemical characteristics of crops grown in ash-affected regions.
Heavy metals pose particular concerns, as they may be absorbed by potato tubers, thus
entering the food chain and potentially compromising food safety [7].

Few studies are available on the influence of volcanic ash on the nutritional quality of
potatoes. Ligot et al., 2025 [8], point out that current models for predicting the impact of ash
on crops use only ash thickness (or mass load) as a variable, without taking into account
other factors (plant traits; growth stage; metabolic profiles; etc.); their results have been
used to develop new vulnerability functions for estimating yield loss in potatoes exposed
to an ash fall event. Other studies have shown that crops cultivated in soil improved with
volcanic ash, showing an increased yield, crude protein, starch content in potato tubers,
and also better resistance to potato diseases [9,10]. In this context, our study examines the
impact of ash originating from the Cotopaxi Volcano on potatoes cultivated under two
different conditions: exposed and unexposed to volcanic ash. By analyzing the antioxidant
content and examining the overall impact of volcanic ash on potato tubers, this research
provides crucial insights into how volcanic activity affects local agriculture. It highlights not
only the challenges faced by farmers in volcanic regions but also the potential opportunities
to enhance the functional and health-promoting qualities of staple crops like potatoes.
However, it also addresses the risk of compromised food security at a national level due to
the presence of heavy metals in volcanic ash. These findings are particularly significant for
the Cotopaxi region, where volcanic activity continues to influence both the environment
and the livelihoods of its inhabitants.

This study emphasizes the need for further research into optimizing agricultural
practices in volcanic regions, balancing the advantages of improved crop quality with
potential risks to food security. By understanding the complex interactions between soil
properties and plant metabolism, agricultural systems in volcanic areas can be better
managed to ensure both productivity and crop security.

2. Materials and Methods

Potato tubers (Solanum tuberosum L.) were collected from two distinct areas in the
Cotopaxi region, Ecuador: areas exposed to volcanic ash (CC1 and CC2) and unexposed
areas (CS1 and CS2). The areas are separated by 20 km and are approximately 60 km from
the Cotopaxi volcano. The exposed samples (CC1 and CC2) came from agricultural fields
in the parish of Guasaganda, affected by emissions from Cotopaxi, while the unexposed
samples (CS1 and CS2) were collected from fields in the parish of Mulaló, without direct
influence of recent volcanic ash. The collection was carried out during the harvest season,
selecting mature tubers from plants cultivated under traditional local agricultural practices.

Sampling areas were randomly selected within representative agricultural fields with
recent ash exposure (post 2015). Exposed soils had an average pH of 6.2, 3.5% organic
matter, and high mineral load (e.g., Fe: 120 mg/kg), versus pH 6.8 and 2.8% in unexposed
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soils. ICP-OES analysis had detection limits of 0.01 mg/kg and recoveries of 95–105% for
multielement standards.

Bioactive compound extraction was conducted according to the procedure outlined
by Claros, 2021 [11], with modifications adapted for S. tuberosum. Fresh and mature potato
tubers were processed by grinding them in a mortar to obtain a homogeneous paste. Subse-
quently, 1 g of the paste was precisely weighed using an analytical balance and subjected
to maceration with 96% ethanol (10 mL) in 15 mL Falcon tubes. The mixture was manually
stirred using a glass rod and then refrigerated at 5 ◦C for 72 h to optimize the extraction.
The absorbance was quantified using a UV-Vis spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). All biochemical experiments (extractions and determinations) were
carried out in triplicate.

The phenolic content in samples collected from both sites with and without volcanic
ash S. tuberosum tubers was quantified using the Folin–Ciocalteu colorimetric method,
following the protocol described by López-Froilán et al., 2018 [12]. To determine the total
phenolic compounds, a volume of 1.0 mL diluted potato extract (1:10) or standard solution
was mixed with Folin–Ciocalteu reagent (same volume) and a small volume of distilled
water. In total, 4 mL of Na2CO3 (100 mg/L) was added after 4 min, and the volume
was adjusted to 25 mL using distilled water. A spectrophotometer was used to detect
absorbance at 750 nm after the solution was incubated for 90 min at room temperature in
the dark. Ethanol was used as a blank, with results given in mg GAE/L, using a calibration
curve based on gallic acid (0–250 mg GAE/L).

For flavonoid quantification, Pekal et al.’s [13] method was used, which consists of
mixing crude potato extract (1 mL), solvent (1.5 mL), CH3COONa 1 M (100 μL), AlCl3 10%
v/v (100 μL), and distilled water (2.3 mL). The mixture was left to rest for 40 min at room
temperature before measuring absorbance at 435 nm.

The antioxidant capacity evaluation through FRAP assays was based on the methodol-
ogy of Agudo, 2010 [14]. As amount of 593 nm was used to measure the absorbance. FRAP
reagent was prepared by mixing acetate buffer 300 mM, pH 3.6 (100 mL), FeCl3 20 mM
(10 mL), and distilled water (12 mL). Each reaction consisted of FRAP reagent (300 μL),
potato extract (100 μL), and distilled water (300 μL), incubated for 4 min, in the dark, at
room temperature. Ethanol was used as a blank, with a standard curve y = 0.5981x − 0.0082
with R2 = 0.9989.

The Ramírez, 2023 [15] protocol was used for DPPH assay, which consists of mixing
DPPH reagent (2.9 mL) with sample (0.1 mL) and maintaining the mixture for 30 min in
the dark. As amount of 517 nm was used to measure the absorbance. Ethanol was used as
a blank, with a standard curve y = 18.073x + 1.2252 with R2 = 0.9868.

For the ABTS assay, the methodology described by Mendoza, 2018 [16], was followed,
generating the ABTS•+ radical, and adjusted at an absorbance of 0.76 ± 0.1 at 754 nm. A
mixture of ABTS•+ solution (980 μL) and extract (20 μL) was incubated for 7 min at room
temperature, and absorbance was measured at 754 nm. A positive control represented by
Trolox was used, with a standard curve y = 34.102x + 9.2946 with R2 = 0.9612.

For the Inductively Coupled Plasma (ICP) analysis, dry samples of S. tuberosum
tubers collected from soil control (SC) and post-Cotopaxi eruption conditions (PCCs) were
prepared by weighing 0.5 g of finely ground plant material and transferring it into high-
resistance Teflon tubes. A reagent mixture composed of nitric acid (HNO3), hydrogen
peroxide (H2O2), and ultrapure water was added to each tube. The samples underwent a
microwave-assisted digestion process following a standardized program for plant materials,
as described in [16,17]. After digestion, the resulting solutions were filtered and diluted
with ultrapure water in volumetric flasks, preparing them for trace element analysis. A
10 mL volume was used for the following analysis. Trace element quantification was
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conducted using an ICP-OES Thermo Fisher Scientific 7400 Duo (Waltham, MA, USA)
(Inductively Coupled Plasma Optical Emission Spectrometer). A multielement ICP Mix
33 standard (0.01–7.5 mg/L) and 5 ppm yttrium (as an internal standard) were used for
calibration and to account for potential instrumental variations and enhance analytical
precision [18,19].

With a significance level of p < 0.05, two-factor ANOVA was used to evaluate signifi-
cant differences between experimental groups in the statistical analysis, which was carried
out using RStudio software version 4.3.2. Every experiment was carried out in triplicate,
and the mean ± standard deviation (SD) was used to express the results. Pearson’s cor-
relation coefficient was used to assess the relationship between antioxidant capacity and
secondary metabolite concentration. Bar graphs with error bars used to visualize data were
generated using the ggplot2 package, ensuring an accurate and clear representation of the
observed variations. Additionally, a heatmap was constructed to illustrate the distribution
of trace elements obtained from the ICP-OES analysis, facilitating comparative evaluation
across samples affected and unaffected by volcanic ash.

3. Results

The TPC values in samples collected from the ash-exposed place (CC1) varied between
2.206 and 2.270 mg GAE/g DW. Similarly, CC2 samples displayed TPC values varying
between 2.183 and 2.211 mg GAE/g DW. In contrast, the samples collected from the non-
ash-exposed place (CS1) exhibited lower TPC values with an average of 1.070 ± 0.054 mg
GAE/g DW. The CS2 samples showed a similar trend, with TPC values with a mean of
1.053 ± 0.039 mg GAE/g DW (Figure 1).

Figure 1. Bioactive compounds analyzed in the potato samples cultivated from exposed and unex-
posed areas in the Cotopaxi region. The black dots represent individual measurements, providing
insight into the variability within each group.

TFC values followed a distinct pattern among the samples. CC1 samples ex-
hibited TFC values ranging from 2.229 to 2.635 mg QE/g DW, with an average of
2.428 ± 0.168 mg QE/g DW. In CC2, a notable variation was observed, with TFC val-
ues ranging from 2.387 to 10.248 mg QE/g DW, averaging 5.884 ± 4.011 mg QE/g
DW, suggesting significant metabolic fluctuations potentially influenced by volcanic
ash exposure. CS1 samples presented TFC values between 0.980 and 1.464 mg QE/g
DW (1.272 ± 0.200 mg QE/g DW average), while CS2 exhibited the lowest TFC values
(0.372–1.216 mg QE/g DW), with an average of 0.698 ± 0.436 mg QE/g DW. The vari-
ability in TFC of CC2 (2.387 to 10.248 mg QE/g DW) could reflect soil heterogeneity or
differential metabolic responses, with no statistical outliers identified (Grubbs test, p > 0.05).
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The negative DPPH value in CS1 (−0.12 μmol Trolox g−1 DW) indicates possible assay
interference, adjusted to zero for further analysis (Figure 1).

The antioxidant capacity of potato samples cultivated under volcanic ash influence in
the Cotopaxi region, obtained using three different assays, showed that samples collected
from ash-exposed areas (CC1 and CC2) exhibited significantly higher antioxidant activity
across all assays compared to samples collected from non-ash places (CS1 and CS2). In the
DPPH assay, CC2 recorded the highest activity (4.80 ± 2.38 μmol Trolox g−1 DW), while
CS1 displayed negative values. Similarly, ABTS results confirm higher antioxidant potential
in CC2 (11.05 ± 2.57 μmol Trolox g−1 DW), whereas CS1 and CS2 exhibited significantly
lower activity. The FRAP assay, which measures reducing power, also showed a clear
difference between samples. CC1 had the highest reducing capacity (11.96 ± 4.57 μmol
Fe2+ g−1 DW), followed closely by CC2, while CS1 and CS2 presented the lowest values
(Figure 2).

Figure 2. Antioxidant activity in potato samples cultivated with and without volcanic ash
in the Cotopaxi region. Legend: DPPH—α-diphenyl-α-picrylhydrazyl free radical scavenging;
FRAP—ferric-reducing antioxidant power; ABTS—free radical scavenging activity. The black dots
represent individual measurements, providing insight into the variability within each group.

The correlation analysis between the antioxidant properties of potato samples cul-
tivated in the Cotopaxi region (Figure 3) revealed distinct patterns among the different
antioxidant assays (DPPH, FRAP, ABTS) and bioactive compound contents (TPC and TFC).

Our results show a strong and significant correlation between FRAP and DPPH
(r = 0.986 ***), suggesting a consistent interplay between these two antioxidant capacities.
Additionally, a high correlation among ABTS and TFC (r = 0.911 ***) was noted, reinforcing
the implication of flavonoids in the scavenging activity captured by ABTS assay. Interest-
ingly, DPPH also exhibited a robust positive correlation with TFC (r = 0.775 **), while FRAP
showed a weaker but still significant correlation with TPC (r = 0.637 *), indicating phenolic
compounds’ role in ferric reducing antioxidant potential.

However, some negative correlations stood out, such as the relationship between TFC
and FRAP (r = −0.088) and between TPC and TFC (r = −0.045), suggesting a complex
interaction in which flavonoid content may inversely affect certain antioxidant properties
under specific conditions. These results are consistent across affected (CC1 and CC2) and
unaffected (CS1 and CS2) samples, highlighting the influence of volcanic ash on metabolic
and antioxidant dynamics in the potato crop.

Subgroup analyses revealed additional data. For example, the correlation between
TPC and ABTS was particularly pronounced in unaffected samples (CS1: r = 0.963; CS2:
r = 0.791) compared to affected samples (CC1: r = −0.384; CC2: r = −0.334). This suggests
that volcanic ash may alter the relationship between phenolic content and antioxidant
capacity. Furthermore, flavonoid content showed a stronger relationship with antioxidant
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capacity in ash-treated samples (e.g., TFC and ABTS, CC1: r = 0.659; CC2: r = 0.649),
possibly reflecting an adaptive metabolic response to volcanic ash exposure.

Figure 3. Correlation matrix between bioactive compounds and antioxidant capacity in potato
cultivated in Cotopaxi region. The plot includes density distributions along the diagonal and
scatterplots with regression lines for each pairwise comparison. Legend: CC1, CC2—samples
collected from volcanic ash-exposed place; CS1, CS2—samples collected from non-ash-exposed place;
TPC—total phenolic content; TFC—total flavonoid content; DPPH—α-diphenyl-α-picrylhydrazyl
free radical scavenging; FRAP—ferric-reducing antioxidant power; ABTS—free radical scavenging
activity; r—correlation coefficient; * p < 0.05; ** p < 0.01; *** p < 0.001. Different colors indicate data
for each sample; lines represent the fitted correlation trend for the respective assays.

Inductive Plasma Coupled

The ICP analysis of potato samples from the Cotopaxi region revealed notable differ-
ences in elemental concentrations between tubers collected from unexposed soil (SC) and
exposed soil (PCC). Potassium (K) was the most abundant element, with 17,215.34 mg/kg in
control samples (CS1 and CS2) and 14,525.76 mg/kg in post-Cotopaxi eruption conditions
(CC1 and CC2), followed by magnesium (Mg) at 661.28 mg/kg (SC) and 855.87 mg/kg
(PCC). Calcium (Ca) and sodium (Na) showed moderate concentrations, while iron (Fe)
increased from 104.47 mg/kg in soil control to 180.82 mg/kg in post-Cotopaxi eruption
conditions. Other elements like boron (B) and copper (Cu) decreased post eruption, while
aluminum (Al) showed a significant rise from 26.59 mg/kg in SC to 88.56 mg/kg in PCC.
Metallic elements such as zinc, lithium, boron, manganese, barium, lead, nickel, chromium,
and indium showed concentrations below 0.01 mg/kg.

Overall, volcanic ash deposition influenced the elemental composition of potatoes,
increasing Fe, Al, and Mn while reducing Cu, Ni, and B levels. These changes may impact
the nutritional and metabolic properties of potato crops in the region (Figure 4).

The ICP analysis of potato samples from the Cotopaxi region, visualized through a
heatmap, confirmed that potassium (K) was the most abundant element, with concentrations
of 17,215.34 mg/kg in soil-conditioned (SC) samples and 14,525.76 mg/kg in post-cultivation
condition (PCC) samples, showing a noticeable decrease after cultivation. This trend is clearly
reflected in the heatmap, where K appears as the most intense element. Magnesium (Mg)
and calcium (Ca) followed in concentration, while elements like bismuth (Bi), cobalt (Co),
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and thallium (Tl) were nearly undetectable (<0.01 mg/kg). Transition metals such as iron
(Fe) and zinc (Zn) showed moderate levels, with Fe increasing in PCC samples. Sodium
(Na) and strontium (Sr) exhibited notable decreases, suggesting element mobilization during
cultivation. The heatmap effectively illustrates the dominance of K and the minimal presence
of other elements, reinforcing the influence of volcanic ash on elemental distribution and its
potential implications for plant metabolism and nutritional quality (Figure 5).

Figure 4. Concentration of metallic elements in potato samples. Legend: SC—tubers from the control
soil; PCC—post-Cotopaxi eruption conditions. The x-axis represents element concentrations, while
the y-axis lists the detected elements. Concentrations below 0.01 mg/kg of metallic elements were
excluded from the visualization.

Figure 5. Heatmap of elemental concentration in potato samples (ICP). This heatmap visually represents
the concentration levels of various metallic elements (mg/kg) in potato samples from the Cotopaxi
region. The color gradient highlights the most and least concentrated elements, with potassium (K)
standing out as the most abundant, followed by magnesium (Mg) and calcium (Ca). Elements with
concentrations below 0.01 mg/kg were nearly undetectable and are not prominently displayed.
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4. Discussion

The present study demonstrates that potatoes cultivated in volcanic ash-influenced soils
exhibit enhanced bioactive profiles compared to those grown in non-volcanic substrates.

The significantly higher total phenolic content in exposed samples (CC1 and CC2)
suggests that the unique mineral composition and physicochemical properties of volcanic
ash may act as abiotic stressors, triggering the biosynthesis of phenolic compounds. These
compounds are well known for their antioxidant activity and implication in plant defense
mechanisms, which can ultimately contribute to improved nutritional quality and stress
resilience [20,21].

Furthermore, the marked variation in total flavonoid content observed, particularly in
the CC2 samples, indicates potential metabolic adaptation to the heterogeneous nature of
volcanic ash deposition. This variability might reflect the differential activation of stress
response pathways that modulate flavonoid biosynthesis to counteract environmental
fluctuations, such as changes in soil pH or the presence of heavy metals. Such adaptive
metabolic responses could not only enhance the antioxidant capacity of the tubers but
also elucidate the intricate relationship between plant secondary metabolism and soil
chemistry [22].

Another crucial aspect explored in this study is the antioxidant content of potatoes,
which reflects the plant’s defense mechanisms against external stressors. Antioxidants are
critical for neutralizing reactive oxygen species, which can form under stressful conditions
such as exposure to volcanic ash [9]. Interestingly, while volcanic ash represents a potential
threat to food safety due to heavy metal contamination, its impact on plant stress responses
may also have positive implications. The stress induced by ash exposure can potentially
enhance the production of secondary metabolites, including antioxidants, especially phe-
nolic compounds such as flavonoids, which contribute to the nutraceutical value of the
tubers. These dual effects—both risks to food safety and potential benefits to nutritional
quality—highlight the complexity of volcanic ash interactions with agricultural systems.
The increase in antioxidant activity could be due to the upregulation of phenylalanine
ammonia lyase (PAL) under ash-induced oxidative stress, promoting phenol synthesis [23].
However, this study is limited by the lack of transcriptomic data, detailed soil controls, and
varietal specificity, which restricts the generalizability of the results.

The antioxidant assays (DPPH, ABTS, and FRAP) clearly demonstrate that volcanic
ash-enriched soils significantly enhance the potatoes’ antioxidant activity. Specifically,
the CC2 samples exhibited the highest radical scavenging activity in both the DPPH
(4.80 ± 2.38 μmol Trolox g−1 DW) and ABTS (11.05 ± 2.57 μmol Trolox g−1 DW) assays,
while CC1 showed superior reducing power in the FRAP assay (11.96 ± 4.57 μmol Fe2+

g−1 DW). These results imply that the unique volcanic ash mineral composition may stim-
ulate the biosynthesis of bioactive compounds, thereby improving the overall antioxidant
profile of the crop. Such results align with previous studies that have reported enhanced
phytochemical accumulation in plants grown in volcanic substrates [24].

Furthermore, the marked differences in antioxidant activities between the samples
underscore the complex interplay between soil properties and plant metabolic responses.
The negative DPPH values observed in the unexposed samples (CS1), in contrast with
the robust activity in the exposed samples (CC1 and CC2), indicate that potatoes grown
without volcanic ash might lack sufficient defense mechanisms against oxidative stress.
This disparity points to an adaptive response where the stress imposed by volcanic ash
environments triggers the upregulation of antioxidant pathways, ultimately contributing to
improved nutritional quality. Similar adaptive metabolic responses have been documented
in the recent literature, emphasizing the potential of volcanic ash to serve as a natural
enhancer of crop quality [23,25].
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The correlation analysis reveals complex interactions among antioxidant capacity and
bioactive compounds in potato cultivated in the Cotopaxi region. A remarkably positive
correlation between FRAP and DPPH (r = 0.986, p < 0.001) indicates consistent interplay
between reducing power and radical scavenging activity. In addition, the significant
association between ABTS and TFC (r = 0.911, p < 0.001) reinforces the crucial role of
flavonoids in scavenging free radicals, while the moderate correlation between DPPH
and TFC (r = 0.775, p < 0.01) further supports the contribution of these compounds to
antioxidant defense mechanisms. These findings align with recent studies emphasizing the
pivotal role of secondary metabolites in enhancing plant antioxidant systems [22,23].

Interestingly, the analysis also revealed negative correlations between flavonoids
and FRAP (r = −0.088) and between TPC and TFC (r = −0.045), suggesting a complex
interaction that may be modulated by environmental conditions such as volcanic ash
exposure. Subgroup analyses showed that, in samples cultivated without volcanic ash,
the correlation between TPC and ABTS was particularly strong (CS1: r = 0.963; CS2:
r = 0.791), whereas ash-treated samples exhibited inverse relationships (CC1: r = −0.384;
CC2: r = −0.334). This divergence implies that volcanic ash could alter the synthesis or
interaction of these bioactive compounds, potentially as an adaptive metabolic response to
abiotic stress. Furthermore, the enhanced correlation between TFC and ABTS in ash-treated
samples (CC1: r = 0.659; CC2: r = 0.649) underscores the possibility that volcanic ash may
stimulate specific metabolic pathways involved in flavonoid biosynthesis [23,26].

Although the property of volcanic ash as a multi-nutrient mineral fertilizer has been
demonstrated since 2010, in areas of Russia and Indonesia (two areas of the world that host
very active volcanoes), its mechanisms remain monthly unknown [26,27].

The ICP analysis reveals that volcanic ash deposition in the Cotopaxi region significantly
alters the elemental composition of potatoes. Notably, potassium (K) levels decrease in tubers
collected from unexposed soil (SC) to 14,525.76 mg/kg in tubers collected from exposed
soil (PCC), suggesting nutrient mobilization or altered uptake dynamics during cultivation.
In contrast, the concentrations of magnesium (Mg) and iron (Fe) increase in PCC samples
(from 661.28 mg/kg to 855.87 mg/kg and from 104.47 mg/kg to 180.82 mg/kg, respectively),
indicating that volcanic ash may enhance the bioavailability of certain micronutrients by
modifying soil pH and cation exchange capacity [25]. The significant rise in aluminum (Al)
from 26.59 mg/kg to 88.56 mg/kg further underscores the transformative impact of volcanic
ash on soil mineralogy, potentially influencing both plant stress responses and metabolic
functions [25]. The levels of Fe (180.82 mg/kg) and Al (88.56 mg/kg) in exposed samples
are below the FAO/WHO toxicity thresholds (Fe: 425 mg/kg; Al: 1000 mg/kg in tubers),
suggesting safety for human consumption under current conditions.

These shifts in elemental profiles have critical implications for the nutritional and
metabolic quality of potato crops. The enhanced levels of Fe and Mg in PCC samples may
improve the crop’s nutritional value and support vital enzymatic processes associated with
energy production and antioxidant defense [22]. However, the observed decreases of copper
(Cu) and boron (B) (essential elements) raise concerns about potential deficiencies that could
affect plant growth and metabolic balance. The heatmap visualization further corroborates
these findings by illustrating the dominance of potassium alongside fluctuating trace
element distributions, thereby highlighting the intricate relationship between volcanic ash
inputs and nutrient uptake in potato cultivation. In our determinations, heavy metals
appear to be in concentrations below 0.01 mg/kg, suggesting that heavy metals from the
environment did not negatively influence the quality of potatoes in the area.
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5. Conclusions

This study highlights the significant influence of volcanic ash on the nutritional and
biological properties of potato tubers cultivated in the Cotopaxi region. Samples grown
in volcanic ash-enriched soils demonstrated enhanced bioactive profiles. These findings
suggest that the unique mineral composition of volcanic ash acts as an abiotic stressor,
triggering adaptive metabolic responses that enhance the biosynthesis of secondary metabo-
lites. The increased antioxidant activity observed in ash-treated samples, particularly in
DPPH, ABTS, and FRAP assays, underscores the potential of volcanic ash to improve
the nutraceutical qualities of crops. Elemental analysis further revealed that volcanic ash
deposition alters the elemental composition of soils and tubers. While potassium (K) levels
decreased, the increased concentrations of magnesium (Mg), iron (Fe), and aluminum (Al)
indicate enhanced nutrient bioavailability and changes in soil chemistry. These shifts may
contribute to improved nutritional quality but also raise concerns about potential heavy
metal accumulation and food safety risks. The high variability in TFC observed in the CC2
samples reflects the heterogeneous nature of volcanic ash deposition and its potential to
activate specific metabolic pathways in response to environmental stress.

Despite the potential benefits of volcanic ash exposure, such as increased antioxidant
capacity, the findings raise critical questions regarding its long-term impact on crop safety
and soil sustainability.
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Abstract: Groundwater nitrate (NO3
−) contamination has emerged as a critical global

environmental issue, posing serious human health risks. This study systematically inves-
tigated the hydrochemical processes, sources of NO3

− pollution, the impact of land use
on NO3

− pollution, and drinking water safety in an urban area of southwestern China.
Thirty-one groundwater samples were collected and analyzed for major hydrochemical
parameters and dual isotopic composition of NO3

− (δ15N-NO3
− and δ18O-NO3

−). The
groundwater samples were characterized by neutral to slightly alkaline nature, and were
dominated by the Ca-HCO3 type. Hydrochemical analysis revealed that water–rock inter-
actions, including carbonate dissolution, silicate weathering, and cation exchange, were
the primary natural processes controlling hydrochemistry. Additionally, anthropogenic
influences have significantly altered NO3

− concentration. A total of 19.35% of the samples
exceeded the Chinese guideline limit of 20 mg/L for NO3

−. Isotopic evidence suggested
that primary sources of NO3

− in groundwater include NH4
+-based fertilizer, soil organic

nitrogen, sewage, and manure. Spatial distribution maps indicated that the spatial distri-
bution of NO3

− concentration correlated strongly with land use types. Elevated NO3
−

levels were observed in areas dominated by agriculture and artificial surfaces, while lower
concentrations were associated with grass-covered ridge areas. The unabsorbed NH4

+

from nitrogen fertilizer entered groundwater along with precipitation and irrigation water
infiltration. The direct discharge of domestic sewage and improper disposal of livestock
manure contributed substantially to NO3

− pollution. The nitrogen fixation capacity of
the grassland ecosystem led to a relatively low NO3

− concentration in the ridge region.
Despite elevated NO3

− and F− concentrations, the entropy weighted water quality index
(EWQI) indicated that all groundwater samples were suitable for drinking. This study
provides valuable insights into NO3

− source identification and hydrochemical processes
across varying land-use types.

Keywords: nitrate; groundwater; land use; stable isotopes; drinking water quality
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1. Introduction

Groundwater serves as a vital global source of drinking water, yet its quality is facing
escalating threats, especially in agricultural regions [1–3]. A survey demonstrates that
approximately one-third of the world’s population relies on groundwater as their primary
drinking water supply, with agrarian areas exhibiting significantly higher contamination
risks [4]. Among various pollutants, nitrate contamination is the most widespread issue
linked to intensive agricultural processes [5–7]. For instance, previous studies revealed
severe nitrate pollution hotspots: over 30 regions in Africa, 20 areas in Asia, and nine
regions in Europe had average groundwater nitrate concentrations exceeding the WHO
safety guideline (50 mg/L) [8], while in China, approximately 20% of shallow groundwater
samples surpassed the national standard (20 mg/L) [9]. The primary driver of this contam-
ination is the excessive use of nitrogen-based fertilizers and manure in agriculture [10–12],
which disrupts natural hydrogeochemical cycles. Moreover, long-term exposure to nitrate-
rich groundwater greatly threatens human health [13–15], such as gastric cancer. Despite
these documented risks, systematic investigations into pollution sources and hydrochemical
controls remain limited in many high-risk agricultural zones [16]. Therefore, comprehen-
sive assessments of groundwater chemistry and anthropogenic influences are urgently
needed to guide targeted water resource protection policies.

Previous studies have utilized conventional hydrochemical analytical approaches,
including major ion ratio analysis and basic graphical methods, including Piper and
Gibbs diagrams, to investigate groundwater contamination in agricultural areas [17–19].
These methodologies have indicated that nitrate contamination predominantly stems
from chemical fertilizers, manure, and wastewater [20–22]. For example, Yang et al. [23]
demonstrated that excessive nitrogen fertilizer application leads to nitrate release into soils,
consequently elevating nitrate concentrations in the groundwater of China’s Ordos Basin.
Jin et al. [24] identified manure as a significant contributor to elevated nitrate levels in
groundwater systems. On the other hand, to assess the implications of nitrate-contaminated
groundwater, researchers have conducted comprehensive water quality evaluations [25–28].
Various quantitative methods have been employed to determine drinking water suitability,
including the single-factor index [29], Nemerow index [30,31], and water quality index
(WQI) [32–34]. The single-factor index offers a rapid and straightforward assessment of
parameter exceedances, whereas the Nemerow index provides a holistic evaluation by
integrating multiple pollutant concentrations [35–37]. The WQI, meanwhile, simplifies
complex water quality data into an interpretable numerical score, facilitating informed
decision-making [38–40]. Collectively, these methods yield critical insights for groundwater
quality protection and remediation strategies.

While these conventional approaches have proven effective in elucidating nitrate
pollution sources and assessing groundwater suitability, they exhibit notable methodolog-
ical limitations [41–43]. A primary constraint lies in the frequent ambiguity of source
identification due to overlapping ionic ratios among different nitrogen sources [44–46]. Fur-
thermore, most existing studies inadequately consider potential hydrochemical processes
that may modify or obscure source signatures. Similarly, current water quality assessment
methods face critical shortcomings, particularly in their inability to quantitatively evalu-
ate drinking water suitability or provide entirely objective assessment outcomes [47,48].
However, recent methodological advancements demonstrate promising solutions to these
limitations through the integration of dual nitrate isotopes (δ15N and δ18O) and the en-
tropy weighted water quality index (EWQI) [49–51]. The isotopic approach leverages
distinct source-specific signatures, minimizing uncertainties associated with mixed pol-
lution sources. Concurrently, the EWQI enhances objectivity by quantifying assessment
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results and applying information entropy theory to derive statistically robust weighting
coefficients [52,53].

Anthropogenic activities have influenced the groundwater chemistry to some ex-
tent [54]. Different land use types reflect different natural environments and human
influences, which significantly impact groundwater quality [55]. Several studies have
demonstrated that nitrate pollution strongly correlates with land use types [56]. For ex-
ample, Iqbal found that land use types, particularly cropland and rural areas, strongly
correlate with nitrate concentration [57]. Choi found that 23%, 43%, and 67% of samples
in the cropping area, the cropping–livestock farming complex area, and the residential
area exceeded the national nitrate concentration standard [56]. Exploring the impact of
different land use types on nitrate concentrations is crucial for the sustainable agricultural
management and precise pollution control.

As a vital area for economic development, the southwestern region of China has seen
increasingly prominent nitrate pollution in groundwater due to intensified agricultural ac-
tivities and accelerated urbanization in recent years [58,59]. Consequently, research on this
region has grown progressively more comprehensive and in-depth. However, systematic
studies on groundwater in the southwestern region remain insufficient, leaving residents
in some areas poorly informed about local groundwater conditions. This situation contra-
dicts China’s commitment to sustainable development and significantly hinders regional
economic growth. The study area is located in southwestern China, where agricultural
development and drinking water quality are critical for economic development. Never-
theless, research on hydrochemical evolution and groundwater quality remains scarce. To
address this limitation, this study employs hydrochemical analysis, ion ratios, and isotopic
characteristics to identify nitrate sources, while using the EWQI to assess drinking water
quality. Accordingly, the objectives of this study are as follows: (1) determine the general
characteristics and spatial distribution of hydrochemical parameters in the study area,
(2) analyze the sources of major ions and nitrate in groundwater, (3) identify the impact of
land use type on NO3

− pollution, and (4) evaluate groundwater quality for drinking and
its spatial distribution in the study area. The findings of this research will provide valuable
insights for groundwater management worldwide.

2. Study Area

The study area is located in the southwest part of Chongqing city, southwestern China,
spanning from 106◦13′ to 106◦26′ E and 29◦25′ to 29◦38′ N (Figure 1). The geomorphology
is characterized by parallel ridges and valleys trending NE-NNE. The area experiences
a humid subtropical monsoon climate, with an average annual rainfall of approximately
1188 mm, and an average annual temperature of 18.63 ◦C.

Geologically, the valley regions are primarily underlain by the Suining Formation (J3sn)
and the Shaximiao Formation (J2s) of the Jurassic strata. The left-side ridges are mainly
composed of the Feixianguan Formation (T1f), Jialingjiang Formation (T1j), and Leikoupo
Formation (T2l) of the Triassic strata. In contrast, the right-side ridges are composed of the
Longxing Formation (P2l), Changxing Formation (P2c), and Maokou Formation (P1m) of
the Permian strata. The valley regions are dominated by sandstone, mudstone, and shale,
whereas the ridge regions are predominantly composed of dolomite and limestone.

Groundwater in the study area occurs mainly in two forms: (1) bedrock fracture water
within the weathering zones of red beds, and (2) fracture water within carbonate rocks.
Bedrock fracture water is mainly found in valley regions, typically at depths less than 20 m.
Carbonate fracture water is distributed in a banded pattern along the axes of anticlines.
Groundwater is primarily recharged by precipitation and is discharged through springs
and underground rivers.
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Figure 1. The location of the groundwater samples: (a) location of Chongqing City; (b) location of
the study area in Chongqing City; (c) land use map of the study area and the location map of the
groundwater samples.

Land use in the study area includes six categories: cropland, forest, shrubland, grass-
land, water body, and artificial land (Figure 1c). Forested areas are mainly distributed along
ridge regions, while cultivated land is concentrated in the valley areas between ridges.
Artificial surfaces refer to impervious land covers such as asphalt, concrete, and building
structures, which are primarily focused near ridges and in the northern section of the central
valley. The study area boasts abundant industrial resources, featuring two major industrial
parks. It enjoys unique port advantages with multiple open platforms. Additionally, the
area is home to several universities and hospitals. Notably, there are three wastewater
treatment plants situated near the right ridge.

3. Materials and Methods

3.1. Field Sampling and Laboratory Analysis

A total of 31 groundwater samples were collected from wells at depths of 20–50 m
across the study area. The sampling aquifer in the valley was the weathered fissure aquifer
of the bedrock in red beds, while the ridge groundwater was taken from the karst aquifer
of carbonate rocks. Before sampling, each well was purged by continuous pumping for
10–15 min to ensure the collection of fresh groundwater. Temperature, pH, and electrical
conductivity (EC) were measured using a portable multi-parameter water quality analyzer
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(Multi3 630 IDS). Groundwater samples were filtered through 0.22 μm membrane filters
and stored in 1 L high-density polyethylene (HDPE) bottles pre-rinsed three times with
deionized water. Immediately after filtration, concentrated nitric acid (HNO3, 1:1) was
added dropwise until the sample pH was below 2 to preserve the samples. Samples
for NO3

− dual isotopes (δ15N–NO3
− and δ18O–NO3

−) were collected in 500 mL HDPE
bottles, also pre-rinsed with deionized water. All samples were sealed with paraffin wax
immediately after collection and stored in a portable insulated cooler at 0–4 ◦C. Samples
were then transported to the Sichuan Geological Survey Institute for laboratory analysis.

Hydrochemical parameters were analyzed: the total hardness (TH) was detected
by the EDTA volumetric method, and the total dissolved solids (TDS) was detected by
the gravimetric method. Major cations (K+, Na+, Ca2+, and Mg2+) were analyzed by the
inductively coupled plasma atomic emission spectrometry method (ICP-AES). Cl− and
SO4

2− were detected by the ion chromatography method. HCO3
− was measured by the

HCl titration method. NO3
− was estimated by disulfophenol spectrophotometry. F− was

determined by the ion-selective electrode method. The dual isotopes of NO3
− (δ15N–NO3

−

and δ18O–NO3
−) were analyzed using isotope ratio mass spectrometry (IRMS), with an

analytical precision of ±0.5‰. To ensure analytical reliability, 20% of the total samples were
randomly selected for duplicate analysis as part of the quality assurance (QA) protocol.
Certified reference materials (CRMs) and blank samples were included in each batch for
quality control (QC).

Cation balance error (CBE) calculations showed that all samples had errors within
±5%, indicating acceptable ionic balance and overall data reliability (Equation (1)).

CBE =
|cation − anion|
cation + anion

(1)

3.2. Entropy Water Quality Index (EWQI)

The entropy water quality index (EWQI) is a multi-parameter comprehensive evalua-
tion method based on information entropy theory. Compared with conventional evaluation
methods, the EWQI eliminates the subjectivity of manually assigned weights. As a result,
it provides a more objective, systematic, and comprehensive assessment of water quality
status. The calculation procedure of the EWQI involves the following steps:

(1) Scale the hydrochemical data (Equations (2) and (3)).

X =

⎡
⎢⎢⎢⎢⎣

x11 x12 . . . x1n

x21 x22 . . . x2n
...

...
. . .

...
xm1 xm2 . . . xmn

⎤
⎥⎥⎥⎥⎦ (2)

Y =

⎧⎪⎨
⎪⎩

xij−(xij)min
(xij)max−(xij)min

+ 0.0001

(xij)max−xij

(xij)max−(xij)min
+ 0.0001

(3)

(2) Calculate the weight of each hydrochemical parameter (Equations (4) and (5)).

Pij =
yij

∑m
i=1 yij

(4)

ej = − 1
lnm ∑m

i=1 PijlnPij (5)

wj =
1 − ej

∑n
j=1 1 − ej

(6)
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(3) Determine the quantitative rating scale q (Equations (7) and (8)).

qj =
Cj

Sj
× 100 (7)

qpH =

{CpH−7
8.5−7 × 100 CpH > 7

7−CpH
7−6.5 × 100 CpH < 7

(8)

(4) Calculate the EWQI value based on q and w (Equation (9)).

EWQI = ∑n
j=1

(
wj × qj

)
(9)

4. Results and Discussion

4.1. Hydrochemical Characteristics of Hydrochemical Parameters

Statistical analysis and box plots of hydrochemical parameters in groundwater are
summarized in Table 1 and Figure 2. The pH ranged from 6.69 to 8.20, with a mean value of
7.63, indicating that the groundwater was neutral to slightly alkaline. Total hardness (TH)
varied significantly, ranging from 36.03 mg/L to 733.16 mg/L, with a mean concentration
of 318.56 mg/L and a standard deviation (SD) of 118.06 mg/L. Total dissolved solids (TDS)
ranged from 125.00 mg/L to 965.55 mg/L, with a mean of 461.54 mg/L and a standard
deviation of 176.54 mg/L, classifying the groundwater as fresh water and slightly hard
water. Piper diagrams are widely used for the classification of hydrochemical facies [60].
Most groundwater samples were categorized as Ca-HCO3 type, while the remaining
samples were classified as mixed Na·Ca-HCO3 type and Na-HCO3 type (Figure 3). This
suggested the groundwater was undergoing a hydrochemical evolution from Ca–HCO3

type to Na–HCO3 type.

Table 1. Statistical analysis of hydrochemical parameters in 31 groundwater samples (units of all
parameters are mg/L, except pH).

Parameters Min Max Mean SD CV (%) Limit % of SEL

pH 6.69 8.20 7.63 0.36 5.00 6.5–8.5 a 0
TH 36.03 733.16 318.56 118.06 37.00 450 a 3.22
TDS 125.00 965.55 461.54 176.54 38.00 1000 a 0
K+ 0.79 11.73 3.59 2.40 67.00 - -

Na+ 0.91 225.98 54.73 63.74 116.00 200 a 3.22
Ca2+ 9.85 251.55 93.47 46.46 50.00 400 b 0
Mg2+ 0.75 31.77 13.60 8.30 61.00 50 b 0
Cl− 2.37 261 42.12 53.50 127.00 250 a 3.22

SO4
2− 2.90 400.77 84.09 66.42 79.00 250 a 3.22

HCO3
− 32.94 557.57 303.18 91.24 30.00 - -

NO3
− 0.01 66.08 13.56 16.46 121.00 20 a 19.35

F− 0.08 3.69 0.61 0.73 119.00 1 a 16.13
a Standard for groundwater quality (GB/T 14848−2017). b Standards for drinking water quality (GB 5749−2022).

The mean concentrations of cations followed the descending order: Ca2+ (93.47 mg/L)
> Na+ (54.73 mg/L) > Mg2+ (13.60 mg/L) > K+ (3.59 mg/L), while the anion concentrations
were ranked as: HCO3

− (303.18 mg/L) > SO4
2− (84.09 mg/L) > Cl− (42.12 mg/L) >NO3

−

(13.56 mg/L) > F− (0.61 mg/L). According to Chinese drinking water standards [61], 3.22%
of groundwater exceeded the permission limit for Na+, SO4

2−
, and Cl−, indicating minor

contamination from these ions. Notably, 19.35% and 16.13% of groundwater exceeded
the permission limit for NO3

− and F−, implying potential pollution from NO3
− and

F−. The coefficient of variation (CV) was used to assess the degree of dispersion of
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hydrochemical parameters. The CV of Cl−, NO3
−, F−, and Na+ exceeded 100%, reflecting

significant variability and suggesting strong anthropogenic or environmental influences on
their distribution.

Figure 2. Box plots of hydrochemical parameters in groundwater.
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Figure 3. Piper diagram for hydrochemical types of groundwater.

4.2. Spatial Distribution Characteristics of Groundwater

The spatial distribution characteristics of hydrochemical parameters were systemati-
cally analyzed through interpolation mapping (Figure 4). Notably, Na+ and Cl− displayed
strongly correlated distribution patterns, with their elevated concentrations predominantly
clustered in the central valley area (Figure 4b,e), suggesting the same sources. In contrast,
Ca2+, Mg2+, and SO4

2− exhibited remarkably similar spatial distributions, with their peak
concentrations concentrated along the proper ridge (Figure 4c–f), indicating the same
sources. The spatial distribution of HCO3

− showed a contrasting pattern, with elevated
concentrations localized in the western left ridge region (Figure 4g). Of particular environ-
mental concern, NO3

− contamination hotspots were identified in the northern sector of
the proper ridge (Figure 4h). Meanwhile, elevated F− concentrations formed a discrete
anomaly in the north of the valley (Figure 4i). Notably, the spatial concentration distri-
bution of Ca2+ was highly similar to that of TDS and TH, indicating that Ca2+ was the
dominant ion controlling TDS and TH.
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Figure 4. Spatial distribution maps of hydrochemical components in groundwater: (a) K+; (b) Na+;
(c) Ca2+; (d) Mg2+; (e) Cl−; (f) SO4

2−; (g) HCO3
−; (h) NO3

−; (i) F−; (j) pH; (k) TDS; (l) TH.

4.3. Natural Factors Affecting Groundwater Hydrochemistry

Groundwater chemistry is primarily governed by three natural processes: evaporation,
rock weathering, and precipitation [62]. Gibbs diagrams are widely used to evaluate the
dominant mechanism influencing the hydrochemical composition of groundwater [63]. All
groundwater samples exhibited low TDS values (ranging from 100 to 1000 mg/L) and rela-
tively low Na+/(Na+ + Ca2+) and Cl−/(Cl− + HCO3

−) ratios (Figure 5). These patterns sug-
gest that the hydrochemical characteristics of groundwater were predominantly controlled
by water–rock interactions rather than evaporation or atmospheric precipitation inputs.
Groundwater is involved in various geological processes and ecological-environmental pro-
cesses. The interaction between groundwater and rock is the driving force for the evolution
of the near-surface environment [64]. The migration of groundwater solutes occurring in
the water–rock system greatly affects the evolution of the groundwater environment [65].
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Figure 5. Gibbs diagrams of groundwater. (a) TDS vs. Na+/(Na+ + Ca2+); (b) TDS vs. Cl−/(Cl− + HCO3
−).

To further elucidate the role of lithological influences on groundwater chemistry,
Gaillardet diagrams were used to distinguish the contribution of different rock types
(Figure 6). The majority of groundwater samples were situated around the carbonate end-
member, indicating that carbonate rock dissolution was the primary mechanism controlling
the chemical composition of groundwater in the region. A smaller number of samples
aligned with the silicate weathering end-member, suggesting that silicate weathering also
contributed to groundwater chemistry.

Figure 6. Gaillardet diagrams of groundwater. (a) HCO3
−/Na+ vs. Ca2+/Na+; (b) Mg2+/Na+

vs. Ca2+/Na+.

Previous studies have demonstrated that ionic ratios in groundwater are effective
tools for identifying water–rock interactions within aquifer systems [66,67]. By analyzing
various ionic ratios, it is possible to determine the sources of hydrochemical compositions,
mineral weathering processes, and the influence of exogenous contamination.

The correlation between Na+ and Cl− is commonly used to identify the influence of
halite dissolution on hydrochemical composition [68]. When Na+ and Cl− originate from
halite dissolution, the Cl−/Na+ molar ratio equals 1, as represented by Equation (10). As
shown in Figure 7a, some water samples exhibited Cl−/Na+ ratios near 1, indicating that
Na+ was likely derived from halite dissolving. Moreover, some samples were located away
from this line, meaning that human activities, silicate weathering, and cation exchange
processes need to be further considered.
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Figure 7. Ion ratio plots and SI vs. TDS plots of groundwater. (a) Cl− vs. Na+; (b) HCO3

− vs. Ca2+;
(c) SO4

2− vs. Ca2+; (d) HCO3
− + SO4

2− vs. Ca2+ + Mg2+; (e) Mg2+ vs. Ca2+; (f) SI vs. TDS.

The correlation between Ca2+ and HCO3
− reflects dissolution processes of carbonate

minerals such as calcite (CaCO3) and dolomite (CaMg(CO3)2) [69], as represented by
Equations (11) and (12). As illustrated in Figure 7b, most water samples were plotted on
both sides of the calcite dissolution line, indicating that the hydrochemical composition of
groundwater in the study area was predominantly controlled by carbonate rock dissolution.
Furthermore, a few samples clustered near the dolomite dissolution line, suggesting a
localized influence from dolomite dissolution in certain zones.

The Ca2+/SO4
2− ratio serves as an effective indicator for assessing the dissolution con-

tribution of gypsum (CaSO4·2H2O) [23], as expressed in Equation (13). As demonstrated
in Figure 7c, most groundwater samples in the study area were plotted below the gyp-
sum dissolution line, indicating limited hydrochemical contribution from sulfate mineral
dissolution. However, a distinct subset of samples exhibited elevated SO4

2− concentra-
tions, potentially attributable to anthropogenic inputs from sulfur-containing industrial
wastewater and localized weathering of sulfate-bearing minerals.

The (HCO3
− + SO4

2−)/(Ca2+ + Mg2+) ratio provides diagnostic insights for distin-
guishing between calcite dissolution and silicate weathering processes in water samples [70].
As evidenced in Figure 7d, most samples in the study area clustered along both sides of
the calcite dissolution line, demonstrating that Ca2+ and Mg2+ primarily originated from
carbonate mineral dissolution. Notably, a minor proportion of samples were plotted within
the silicate weathering endmember zone, suggesting potential influence from weathering
of silicate minerals (e.g., feldspars or pyroxenes) in localized areas.

The calcium–magnesium coefficient (Ca2+/Mg2+ ratio) was a robust hydrogeochemical
indicator for evaluating water–rock interaction intensity and discriminating ion sources
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between carbonate and silicate mineral origins [71]. Most samples were below the line of
1:1, indicating that carbonate and silicate mineral dissolution contributed to Ca2+ and Mg2+.

NaCl → Na+ + Cl− (10)

CaCO3(Calcite) + H2CO3 → Ca2+ + 2HCO−
3 (11)

CaMg(CO3)2(Dolomite) + 2H2CO3 → Ca2+ + Mg2+ + 4HCO−
3 (12)

CaSO4·2H2O (Gypsum) → Ca2+ + SO2−
4 + 2H2O (13)

The Saturation Index (SI) serves as a fundamental geochemical parameter for evalu-
ating the dissolution–precipitation equilibrium of specific minerals in groundwater and
surface water systems, while simultaneously revealing potential sources of dissolved
ions [72]. This study employed the PHREEQC 3.7.3 software package to systematically
calculate and analyze mineral saturation indices (SI) for groundwater samples across the
study area. The thermodynamic calculations for key minerals (dolomite, calcite, gypsum,
and halite) were performed according to Equation (14), which rigorously accounted for
aqueous speciation and mineral solubility equilibria.

SI = log
IAP
Ksp

(14)

where IAP denotes the ion activity product in aqueous solutions, while Ksp represents the
temperature-specific solubility product constant of minerals.

An SI value below 0 indicated that the mineral was undersaturated, SI = 0 suggested
a relatively equilibrium state, and an SI value above 0 signified that the mineral was in
a supersaturated state [72]. In Figure 7f, the SI values of calcite (CaCO3) and dolomite
(CaMg(CO3)2) were near 0, indicating that the dissolution of carbonate rocks was in equilib-
rium. In contrast, the SI values (<0) of gypsum (CaSO4·2H2O) and halite (NaCl) exhibited
an undersaturated state. Therefore, the dissolution of sulfates and halite constituted the
primary origin of the related ions, while the dissolution of carbonate rocks also contributed
significantly to the relevant chemical composition.

Cation exchange often leads to variations in Na+, K+, Ca2+, and Mg2+ concentra-
tions in groundwater, causing its chemical composition to deviate from the mineral
dissolution-precipitation equilibrium state. The correlation between (Na+ + K+)–Cl− and
(Ca2+ + Mg2+)–(HCO3

− + SO4
2−) could reflect cation exchange processes in groundwa-

ter [73]. Additionally, the Chloro-Alkaline Indices (CAI-I, Equation (7); CAI-II, Equation
(8)) could determine whether cation exchange is direct or reverse, verifying the cation
exchange processes occurring in the water [74]. Figure 8a,b show that most groundwa-
ter samples in the study area were distributed uniformly along the cation exchange line,
indicating that the groundwater chemistry underwent direct cation exchange with clay
minerals in the surrounding aquifer. This process resulted in the replacement of Ca2+ and
Mg2+ by Na+ in the groundwater.

CAI − I =
Cl− − (

Na+ + K+
)

Cl−
(15)

CAI − II =
Cl− − (

Na+ + K+
)

HCO−
3 + SO2−

4 + CO2−
3 + NO−

3
(16)
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Figure 8. Cation exchange reaction plots of groundwater. (a) Ca2+ + Mg2+-SO4
2−-HCO3

− vs. Na+ +
K+-Cl−; (b) CAI-II vs. CAI-I.

4.4. Anthropogenic Factors Affecting Groundwater Hydrochemistry

As discussed above, NO3
− was identified as the primary pollutant in the ground-

water of the study area. Given the relative stability and conservative behavior of Cl− in
groundwater, it is commonly used as a tracer for identifying the sources of NO3

− contami-
nation [75]. The relationship plot of NO3

−/Na+ and Cl−/Na+ revealed that agricultural
activities and municipal sewage contributed significantly to the NO3

− levels in ground-
water (Figure 9a). The NO3

−/Cl− ratio typically ranges from 0.05 to 0.22 in natural water.
Ratios exceeding this range generally indicate anthropogenic influences, including inputs
from agricultural fertilizers, domestic wastewater, and denitrification processes. In this
study, NO3

−/Cl− ratios varied widely, from 2.72 × 10−5 to 2.97, far exceeding the natural
baseline and reflecting human impacts. The relationship between NO3

−/Cl− and Cl−

concentrations further supported the conclusion that domestic and municipal waste were
the primary sources of NO3

−, with additional contributions from agricultural activities
(Figure 9b).

Figure 9. Relationship plots of NO3
−, Cl−, and Na+ in groundwater: (a) NO3

−/Na+ vs. Cl−/Na+;
(b) NO3

−/Cl− vs. Cl−.

The dual isotopes of NO3
− (δ15N-NO3

− and δ18O-NO3
−) are recognized as con-

servative tracers that provided valuable insights into the multiple sources of NO3
− in

groundwater [76]. In this study, δ15N-NO3
− values ranged from −0.52‰ to 8.31‰, with

a mean value of 5.07‰, while δ18O-NO3
− ranged from 0.56‰ to 5.72‰, with a mean of

2.20‰. As illustrated in the δ15N–δ18O plot (Figure 10), no groundwater samples were
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located in the region associated with atmospheric precipitation and NO3
− fertilizers, sug-

gesting that these sources had limited influence on NO3
− levels. Two samples were plotted

in the overlapping area of NH4
+ fertilizer and soil organic nitrogen, indicating a mixed

contribution from both sources. Three samples were positioned in the mixed soil organic
nitrogen and sewage/manure region, suggesting combined inputs from natural and anthro-
pogenic nitrogen sources. Furthermore, three groundwater samples fell within the mixed
domain of NH4

+ fertilizer, soil organic nitrogen, and sewage and manure, indicating that
all three sources jointly contributed to NO3

− pollution. Notably, three and two samples
were located in the exclusive zones of NH4

+ fertilizer and sewage and manure, respectively,
implying that these sources were singularly responsible for the contamination in those
samples. These results underscored the complex and variable origins of NO3

− in the study
area, with contributions from soil organic nitrogen, agricultural practices (e.g., fertilizer
application), and anthropogenic waste (e.g., sewage discharge and manure accumulation).

Figure 10. Cross plot of δ18O-NO3 and δ15N-NO3 in groundwater.

4.5. The Impact of Land Use Types on Nitrate Concentrations

Land use types exerted differential impacts on groundwater quality, particularly con-
cerning NO3

− concentrations [77]. As shown in Figure 11, red circles indicate groundwater
sampling sites where NO3

− concentrations exceeded the Chinese drinking water guideline
(20 mg/L), while green circles represent compliant sites. Elevated NO3

− concentrations
were predominantly distributed in the northern and southern parts of the proper ridge,
where land use was primarily characterized by cropland and artificial surfaces. This spatial
pattern aligned well with the dual isotope evidence presented earlier. This supports the
conclusion that NO3

− in groundwater mainly originated from the mineralization of soil
organic nitrogen, NH4

+ fertilizer, and sewage and manure infiltration. In cropland areas,
nitrogen fertilizers dissolve in water and are subsequently absorbed by crops in the form of
NH4

+ in the soil. Excess nitrogen not utilized by plants could be oxidized to NO3
− and

leached into the groundwater system. In rural settlements, direct discharge of domestic
sewage and improper livestock manure storage could further exacerbate NO3

− pollution
through surface runoff and infiltration. Moreover, three wastewater treatment plants are sit-
uated in the study area. During heavy rainfall, substantial stormwater infiltrates the sewer
system, combining with wastewater and exceeding the treatment capacity of the wastewa-
ter treatment plants. This hydraulic overload leads to frequent combined sewer overflows,
indicating insufficient infrastructure development, particularly in the sewage pipe net-
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work and related facilities. In contrast, lower NO3
− concentrations were observed in the

left ridge, where grassland was the dominant land cover. Field investigations revealed
extremely minimal levels of anthropogenic disturbance in grassland areas. This reflected
the nitrogen fixation capacity of grassland ecosystems [78]. The spatial correlation analysis
between NO3

− concentrations and land use types revealed a transparent gradient in NO3
−

pollution potential: artificial surfaces > cropland > grassland, underscoring the importance
of land management in mitigating NO3

− contamination risks in groundwater systems.

 

Figure 11. The land use map of the study area and the locations of groundwater samples with
NO3

− concentrations.

4.6. Drinking Water Quality Assessment

In this study, the EWQI was utilized to assess the suitability of groundwater for drink-
ing purposes. Previous research has established that EWQI values below 100 indicate water
of acceptable quality for human consumption. The groundwater quality evaluation incor-
porated 12 hydrochemical parameters: K+, Na+, Ca2+, Mg2+, Cl−, SO4

2−, HCO3
−, NO3

−,
F−, pH, TDS, and TH. Among these parameters, NO3

− (weight = 0.17), F− (0.17), Cl− (0.16),
and Na+ (0.15) were assigned higher weighting coefficients, identifying them as the primary
factors influencing groundwater quality for drinking purposes (Table 2). The calculated
EWQI values across all samples ranged from 11.81 to 87.51, with a mean value of 38.83.
Based on the EWQI classification scheme, all sampled groundwater was deemed suitable
for drinking. Specifically, 77.42% of samples were classified as excellent quality, while the
remaining 22.58% were considered good quality (Figure 12a). These results demonstrate
that the studied groundwater sources met established drinking water standards.

Table 2. Relative weights of each hydrochemical parameter.

Parameters K+ Na+ Ca2+ Mg2+ Cl− SO4
2− HCO3

− NO3
− F− TDS TH pH

wj 0.083 0.15 0.045 0.059 0.16 0.063 0.018 0.17 0.17 0.034 0.026 0.024

A Geographic Information System (GIS) approach was employed further to analyze
the geospatial distribution of drinking water quality. As illustrated in Figure 12b, ele-
vated EWQI values were observed in the northern and eastern regions, attributable to the
influence of adjacent croplands (Figure 12). Although the overall groundwater quality
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ranges from good to excellent, these spatial patterns suggest that anthropogenic activities,
particularly agricultural practices, may contribute to localized water quality degradation.
Consequently, targeted monitoring and management strategies should be implemented to
mitigate potential contamination risks.

Figure 12. The drinking water quality of groundwater: (a) EWQI vs. TDS plot; (b) the spatial
distribution map of EWQI in study area.

5. Conclusions

In this study, a total of 31 groundwater samples were collected from a typical urban
area in southwestern China. This study elucidated the hydrochemical processes, sources of
NO3

− pollution, the impact of land use on NO3
− levels, and drinking water safety. The

key conclusions are summarized as follows:
(1) The groundwater was neutral to slightly alkaline in nature, and the groundwater

type was Ca-HCO3. The cation concentrations exhibited the following order: Ca2+ >
Na+ > Mg2+ > K+, while the anion concentrations followed this order: HCO3

− > SO4
2−

> Cl− >NO3
− > F−. The Gibbs diagram, ion ratio, and mineral saturation index results

indicated that the dissolution of carbonates and the weathering of silicates were the primary
controlling factors for hydrochemical characteristics.

(2) The NO3
− concentrations ranged from 0.01 mg/L to 66.08 mg/L, with 19.35% of

the samples exceeding the Chinese permissible limits. The ion ratio relationship of NO3
−,

Na+, and Cl− showed that NO3
− pollution originated from agricultural activities, sewage

discharge, and manure. Further analysis of the dual isotopes δ15N and δ18O revealed
that the high-concentration NO3

− pollution in groundwater mainly resulted from NH4
+

fertilizer, soil organic nitrogen, and domestic sewage and manure.
(3) The land use map revealed that elevated NO3

− concentrations were found in the
agricultural and artificial surface areas near the proper ridge, while low NO3

− concentra-
tions were found in the grassland areas. Thus, the spatial distribution of NO3

− correlated
strongly with land use types. In agricultural regions, unabsorbed NH4

+ from nitrogen
fertilizer entered the groundwater through precipitation and irrigation water infiltration.
In artificial surface areas, the discharge of domestic sewage and the disposal of livestock
manure contributed to NO3

− pollution. In the grassland areas situated on the ridge, the
nitrogen fixation capacity of the grassland ecosystem contributed to the low levels of
NO3

− concentration.
(4) The EWQI method indicated that 77.42% of samples were classified as excellent

quality, while 22.58% were categorized as good quality. Therefore, all the groundwater was
suitable for drinking. The relatively elevated EWQI values, caused by NO3

− and F−, were
situated in the northern and eastern regions of the study area.
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Abstract: A child’s exposure to arsenic (As) can begin in utero through placental transfer to
the fetus. There is a growing body of epidemiologic evidence suggesting an association
between As exposure and neuropsychological development. Therefore, our objective was
to describe the consequences of maternal and/or childhood As exposure on children’s
neuropsychological development. We conducted a scoping review with a systematic
search of the PubMed, Scopus, EMBASE, Web of Science, and PsycINFO databases. We
included studies that assessed the association between maternal and/or childhood As
exposure and neuropsychological development in children up to an average of 12 years
of age. A total of 77 studies were included, most of which were published between 2020
and 2024 (44.1%), conducted in the United States of America (18.2%) and Bangladesh
(16.9%), and involved participants with a median age of 6.6 years. Most studies performed
cross-sectional analyses (51.9%) and assessed exposure to elements other than As (64.9%).
Childhood was the most frequently studied exposure window (57.2%), and urine was the
most commonly used biomarker of exposure (58.4%), followed by blood or serum (32.3%).
Cognition was the most frequently evaluated neuropsychological domain (94.8%), followed
by psychomotor function (40.3%) and social–emotional function (29.9%). Most studies
reported evidence of a negative impact of As exposure on children’s neuropsychological
development (73.7%), while some found no changes (27.3%) and a few suggested an
improvement (1.3%). An important limitation is that most studies measured total urinary
As without speciation into inorganic versus organic forms, which limits the validity of
dose–response conclusions based on total arsenic concentrations. This review highlights the
potential deleterious neuropsychological effects of maternal and/or childhood As exposure
while also identifying areas where the evidence remains inconclusive.

Keywords: arsenic; child development; child; review; speciation techniques; neurotoxicity

1. Introduction

Arsenic (As) is a ubiquitous metalloid, and exposure to it poses a significant global
health concern, impacting over 200 million people worldwide [1]. Humans are exposed to
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As through diverse sources, such as water, air, soil, and food [2]. In populations without
occupational exposure to As, water and food are the main sources of exposure [3]. In the
environment, As can be found in both organic and inorganic (iAs) forms, with iAs being
the main toxic form of As [4]. The inorganic forms of As, including AsIII and AsV, are
more readily absorbed by the gastrointestinal tract and have been associated with different
health problems, such as cancer, cardiovascular disorders, and neurotoxicity, in the general
population [5]. Exposure to As during pregnancy is particularly concerning, as this stage of
life represents a uniquely vulnerable period in maternal health and fetal development [6].
Previous research shows that iAs can easily cross the placental barrier and reach fetal tissues,
potentially leading to complications during pregnancy and adverse birth outcomes [7],
such as spontaneous abortion, preterm birth, fetal death, and low birth weight [8]. While
the precise mechanism through which iAs affects health remains unclear, some studies have
suggested that iAs can interfere with physiological processes, including altering DNA and
inhibiting DNA repair and cell proliferation processes [9]. Effects of prenatal As exposure
on child neurological development stand out among the health concerns associated with
exposure to As during pregnancy. Previous studies have shown the capacity of As to cross
the blood–brain barrier [10], triggering several neurotoxic effects, such as neurotransmitter
impairment, oxidative stress, brain cell apoptosis, and epigenetic modifications [11]. During
late pregnancy and early childhood, the brain undergoes maximal plasticity and a series
of complex events, including neurogenesis, myelination, and synaptic pruning [12,13].
Thus, minimizing iAs exposure during pregnancy is crucial to preserve optimal brain
development in young children.

A previous investigation raised the possibility that As exposure during pregnancy
adversely impacts child neurodevelopment in highly exposed populations [14]; however,
in populations with relatively low exposure levels, studies are scarce, and results are in-
consistent. For example, in a cross-sectional study carried out in Spain, a country with
relatively low levels of iAs contamination, iAs exposure (average urinary concentration of
4.85 μg/L) at 4–5 years of age was inversely associated with children’s neuropsychological
outcomes, specifically, fine and gross motor function [15]. Another study carried out in
the Health Outcomes and Measures of the Environment (HOME) study found an inverse
association between urinary iAs concentrations during pregnancy and children’s cognition
at 3, 5, and 8 years of age [16]. However, the detrimental effect of iAs exposure on children’s
neuropsychological development is not well-established, as some studies find no evidence
of such an effect [17,18]. Several published reviews on As exposure during pregnancy
and/or childhood have been conducted to examine preterm birth [19], the effects on the
central nervous system among children exposed to lower As levels [20], the health impacts
of drinking As-contaminated water in children [21], and the association between As expo-
sure, adverse pregnancy outcomes, and infant mortality [22]. One review examined the
scientific evidence on neurodevelopment and behavioral disorders in children exposed
to As, cadmium, and manganese [23]. One systematic review summarizes the literature
on factors that modify the associations between lead, methylmercury, manganese, and As
and neurodevelopment in children [24], while another review examines epidemiological
studies on the effect of chronic As exposure in drinking water on children’s intelligence
quotient [25]. However, none of the previous reviews cover the broad scope of this scoping
review, which considers various periods of As exposure and includes the literature from
recent years, during which there has been a considerable increase in research. This rise in
research may partly be attributed to the 2019 publication of the Healthy Babies Bright Fu-
tures (HBBF) report, which highlighted the widespread presence of toxic metals, including
As, in baby foods and their potential impact on neurodevelopment, raising concerns about
cognitive deficits and lower IQ in children [26,27].

170



Toxics 2025, 13, 542

Due to the disparity of results in studies on pre- and perinatal periods and infant
As exposure and child neurodevelopment, as well as the existing knowledge gaps, we
conducted a scoping review of epidemiological studies. The aim of this scoping review is to
provide a structured overview of the existing scientific evidence addressing the following
question: What are the observed neuropsychological consequences of As exposure during
the prenatal and perinatal periods and early childhood?

2. Materials and Methods

We conducted a scoping review in accordance with the PRISMA Extension for Scoping
Reviews (PRISMA-ScR) [28] (Table S1). We chose this approach because scoping reviews
are best suited to addressing broad research questions [29,30]. Although this study is not a
systematic review, we adhered to the standards outlined in the Cochrane Handbook Version
6.4, 2023 [31], to ensure content completeness, methodological transparency, and scientific
rigor. We have not published a protocol of this review or registered it on PROSPERO or
any other similar scientific website.

2.1. Search Strategy

Two of the authors conducted a literature search in five databases on 4 June 2024. We
selected these databases based on the results of a previous study [32], which identified an
optimal combination of databases for covering the broadest range of published evidence.
This combination includes multidisciplinary databases, such as PubMed (MEDLINE),
Scopus, EMBASE, and Web of Science, complemented by a specialized database relevant to
our research question; in this case, PsycINFO.

The search strategy, developed under the supervision of a research and education
librarian from the Biomedical Library at Dartmouth, utilized a combination of terms with
the Boolean operators AND and OR, following the PICO structure. Specifically, we used a
combination of search terms covering three main components: population (children, infants,
prenatal or postnatal periods), exposure (arsenic and its inorganic forms), and outcomes
(neuropsychological issues). The full search strategy applied across all five databases is
detailed Table S2. The same search strategy was applied across all five databases consulted.
We did not apply time restrictions or other filters in any of the databases consulted.

2.2. Eligibility Criteria

Articles had to meet the following inclusion criteria to be included in this scoping re-
view. Language of publication: Spanish and/or English; study design: experimental and/or
observational; study population: children aged, on average, ≤12 years without neurode-
velopmental disorders (Autism Spectrum Disorder (ASD), Attention-Deficit/Hyperactivity
Disorder (ADHD), intellectual disability, language disability, communication disorders,
neurodevelopmental motor disorders, and specific learning disorders). This age range
was selected because it represents a critical developmental phase characterized by rapid
physical and psychological transitions between childhood and adolescence [33,34]. By
focusing on children aged 12 or younger, we aim to address the whole of childhood [35].
Study exposure variable: exposure to As from diet, water, or industry; study outcomes:
neuropsychological development. This concept is broad and has a variety of definitions.
To make this scoping review more replicable, we used the Joan Forns et al. [36] definition
of neuropsychological development. Based on this definition, neuropsychological devel-
opment includes three different domains: psychomotor (fine and gross motor abilities),
cognition (visuospatial abilities, language and/or communication, learning and memory,
attention, and executive function), and socio-emotional (social competence, attachment,
adaptive behavior, and emotional competence). Another inclusion criterion was that the

171



Toxics 2025, 13, 542

studies had to have the full text available. No studies were excluded for this reason, as
all articles were obtained through our university library services with their support. We
applied and tested all inclusion criteria manually.

2.3. Study Selection and Screening

We carried out study selection and screening manually through Microsoft Excel version
16.0 (Microsoft Excel, Redmond, WA, USA). The titles found in the searches of each of the
five databases were downloaded into Microsoft Excel (Redmond, WA, USA). We merged
all of the titles into a single Excel sheet to eliminate duplicates. Once all duplicates were
removed, we began the screening process. This process was conducted in three phases:
title screening, abstract screening, and full text screening. Different Excel sheets were used
for each screening phase. All three screening phases were carried out completely, carefully,
and independently by two authors, discarding only those articles that we were certain did
not meet the inclusion criteria. Discrepancies arising during the study selection process
regarding the inclusion or exclusion of an article were resolved by a third author. The study
selection flow was displayed graphically using the PRISMA diagram [37].

2.4. Data Extraction and Synthesis

Data were extracted in an Excel database, which was prepared before beginning
the bibliographic search to guarantee transparency and avoid information manipulation.
While this study adopts a scoping review approach, we adhered to certain guidelines
outlined in the Cochrane Handbook [31] for the preparation and layout of tables to ensure
comprehensive content coverage. We performed a narrative and graphical synthesis of the
extracted information, using tables and figures whenever possible. We completed one table
with key general information from the included articles. We elaborated different graphs
and figures with R software version 4.0.4 (R Foundation for Statistical Computing, Vienna,
Austria). to describe some of the variables in greater depth. On the one hand, we used
Sankey plots, an increasingly utilized type of graph in the field of health sciences. These
plots enable us to visualize changes over time and the evolution of specific variables in
relation to a particular event [38]. This type of graph has been used in previous published
review papers [39–42] to present the main characteristics of the articles in a visual and more
comprehensible way. Three of the researchers were responsible for extracting data and
performing the narrative and graphical synthesis of the information in the results section.
The quality of the included studies was not assessed, as this is not required in scoping
reviews [28].

3. Results

The initial search across selected databases was enhanced by excluding duplicate records.
Subsequently, the remaining records underwent screening, identifying 221 for eligibility
assessment. Finally, 77 original studies were included to conduct the current scoping review
on evaluating the evidence on As exposure during the pre- and perinatal periods or childhood
and its impact on various aspects of neuropsychological development (Figure 1).
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Figure 1. Flowchart of the study selection process.

3.1. Main Characteristics of the Included Studies

The included studies, spanning from 1981 to 2024, feature participants from 16 coun-
tries, with the United States of America (USA) [16,33,43–54], Bangladesh [14,17,18,55–64],
China [65–74], and Mexico [75–82] being the most prevalent contributors (Figure 2).

173



Toxics 2025, 13, 542

Figure 2. Geographic and temporal distribution of included studies (n = 77).

Notably, 56 (72.7%) studies explicitly focused on As exposure, as indicated by
the inclusion of the word “arsenic” or its abbreviation in their stated aims. Among
the selected studies, 35 (45.4%) used participants from well-defined study populations
and 19 different cohorts, including cVEDA [83], the Healthy Baby Cohort Study in
China [70], MABC [67], the Mining and Health prospective longitudinal study [84], the PIPA
project [85], PROGRESS [75,77,78], the Taiwan Birth Panel Study (TBPS) [86], the HOME
study [16], HEALS [57,59,60,64], INMA [15,87–89], MINIMat [14,17,18,63], MIREC [90],
NHBCS [46,49,52], the PRISM pregnancy cohort [48,53], the Sheyang Mini Birth Cohort
Study (SMBCS) [71,74], the C8 Health Project [33], the Navajo Birth Cohort Study [76],
Project Viva [54], and Environmental Pollution in Young Children [73].

Among the study designs, 40 (51.9%) were cross-sectional, and 37 (48.1%) were longi-
tudinal [14,16–18,46–49,52–57,63,67–71,74–78,84–95] (Table 1). Among longitudinal studies,
16 (43.2%) evaluated childhood exposure [14,16,17,49,52,54,56,57,63,68,71,74,75,88,91,94],
2 (5.4%) assessed perinatal exposure [86,94], and 28 (75.7%) examined prenatal expo-
sure [14,17,18,46–49,52,53,55,63,67–70,74–78,84,85,87,89,90,92,93,95] to As. Among cross-
sectional studies, 38 (95.0%) evaluated childhood exposure [15,23,33,43–45,50,51,58–62,64–
66,73,79–83,96–111], 1 (2.5%) assessed perinatal exposure [112], and 2 (5.0%) examined
prenatal exposure to As [72,110] (Figure 3). All studies included boys and girls, with a
median final sample size of 301 participants.

Table 1. Main characteristics and findings of the included studies (n = 77).

Study Design n (%)

Cross-sectional 40 (51.9)
Longitudinal 37 (48.1)

Number of participants median (IQR)
301 (148–439)
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Table 1. Cont.

Study Design n (%)

Age of participants in months median (IQR)
Minimum age 60.0 (30.6–72.0)
Median age 78.8 (44.6–81.0)
Maximum age 96 (45.3–131.4)

Evaluated metal exposure n (%)
As 27 (35.1)
As + other metals 50 (64.9)

Exposure window n (%)
Perinatal/prenatal 23 (29.9)
Childhood 44 (57.2)
Both 10 (12.9)

Main source of exposure n (%)
Water 20 (25.9)
Food 21 (27.3)
Food and water 8 (10.4)
Industry 14 (18.2)
Not described 14 (18.2)

Neuropsychological assessment n (%)
Single test 52 (67.5)
Multiple tests 25 (32.5)

Main exposure effects n (%)
Beneficial 1 (1.3)
Harmful 57 (74.0)
Null 21 (27.3)

As, arsenic; IQR, interquartile range; n, number.

Figure 3. Sankey plot from the included studies in the scoping review (n = 77).

3.2. Exposure Assessment and Analytical Techniques

Among the selected studies, 50 (64.9%) studies evaluated elements beyond As, with
lead assessed in 42 (54.6%) of the selected studies, cadmium in 26 (33.8%), manganese in
24 (31.7%), mercury in 16 (20.8%), and selenium in 13 (16.8%). Other elements assessed
include copper, barium, beryllium, zinc, iodine, chromium, antimony, fluorine, aluminum,
cesium, and lithium, each in varying proportions. The most common analytical techniques
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were inductively coupled plasma mass spectrometry (ICP-MS) and atomic absorption
spectrometry (AAS), reported in 55 (71.4%) and 18 (23.4%) studies, respectively. Among the
identified studies, 15 (19.5%) reported the use of chromatography equipment to perform
speciation analysis [14–17,52,62,70,78,90,96–98,102,107,108], and 3 (20.0%) of them did not
provide data on As species concentration [14,17,78].

3.3. Markers of Exposure

Urine was the most commonly used biomarker of internal exposure, appearing
in 45 (58.4%) studies [14–18,23,48,52,53,57–66,70,71,73–76,79–84,87,89,90,96–98,102,103,105–
109,111]. Blood and serum followed, used in 25 (32.5%) of the included studies [47,54,55,
57,59,60,63–65,67–69,72,76–78,85,86,91–93,95,101,106,111]. Other biological matrices included
hair [33,44,45,50,51,63,94,99–101,104,106,112] and toenails [46,49,96] or fingernails [94,99,110,
112], which were also frequently employed. Several studies additionally analyzed water sam-
ples as a proxy for iAs exposure. Less frequently used biomarkers included meconium [94] and
the placenta [88]. Notably, 23 (29.9%) studies utilized multiple biomarkers to capture exposure
more comprehensively [49,57–66,76,82,94,96,99,101,103–106,111,112] (Figures S1–S3).

Among the studies using urine as a biomarker, 36 (80.0%) evaluated childhood ex-
posure [14–17,23,52,57–66,71,73–75,79–83,96–98,102,103,105–109,111], 15 (33.3%) evaluated
prenatal exposure [14,17,18,48,52,53,63,70,74–76,84,87,89,90], and 6 (13.3%) addressed both
periods [14,17,52,63,74,75]. Regarding blood/serum biomarker studies, 12 (48.0%) eval-
uated childhood exposure [54,57,59,60,63–65,68,91,101,106,111], 14 (56.0%) evaluated pre-
natal exposure [47,55,63,67–69,72,76–78,85,92,93,95], 1 (4.0%) evaluated perinatal expo-
sure [86], and 2 (8.0%) evaluated both prenatal and childhood exposure [63,68]. Of the
16 studies using urinary biomarkers that provided data on As speciation, the most common
approach was summing iAs metabolites, with iAs median concentrations ranging from
3.63 μg/L [16] to 55.2 μg/L [79]. In studies reporting total urinary As, average concentra-
tions ranged from 8.3 μg/L [84,106] to 181.9 μg/L [58]. For blood As, average levels ranged
from 1.33 μg/L [92] to 9.46 μg/L [85]. Hair As concentrations ranged from 0.19 mg/kg [94]
to 2.72 mg/kg [98], while As levels in water ranged from 5.8 μg/L [82] to 857 μg/L [105].

Of the 77 studies reviewed, 14 (18.2%) did not specify a primary As source. Of the 63
that did, 20 (25.9%) examined drinking water, 21 (27.3%) focused on dietary sources, and
8 (10.4%) assessed both pathways. In addition, 14 (18.2%) studies identified mining and
industrial emissions as the principal origins of As exposure.

3.4. Neuropsychological Function and Assessment Methods

In this scoping review, we used the conceptual framework developed by Forns et al. [36]
to define the different neuropsychological functional domains (cognition, psychomo-
tor, and socio-emotional). Cognition was a major functional domain of investiga-
tion (n = 73, 94.8%) (Figures 3 and S1). Within this subset, 44 (60.3%) explored lan-
guage and communication [14–17,33,43,44,47,51,53–55,57,61–64,67,68,70,71,76,80–82,84–
88,91,92,94–98,100,101,103,104,109,110,112], 27 (37.0%) examined executive function [15,18,
23,33,43,44,53,57,63,64,67,76–78,80,81,83,87–89,97,98,101,103,104,107,109], 26 (35.6%) inves-
tigated visuospatial abilities [14,15,33,43–45,51,54,57,61–64,68,71,80–82,87,88,97,98,101,103,
107,109], 24 (32.9%) studies evaluated the subdomain of attention [23,33,44,46,49,53,60,69,
72–74,79–81,88,89,93,97,98,101,104,106,109,111], and 22 (30.1%) focused on learning and
memory [15,33,43,44,53,54,57,63,64,75,80,81,87,88,97,98,101,103,104,107–109].

The psychomotor functional domain was evaluated in 31 (40.2%) of the included
studies (Figures 3 and S2). Within this subset, 27 (87.1%) studies evaluated the subdomain
of fine motor skills [15,17,18,44,45,47,52,54,56,59,67,70,76,84–88,91,92,94–97,101,103,112], 23
(74.2%) assessed gross motor abilities [15,17,18,47,59,67,69,70,72,76,84–88,91–97,112], and
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1 (3.2%) examined general motor skills [110]. It is worth noting that 20 (64.5%) studies
evaluated both fine and gross skills [15,17,18,47,59,67,70,76,84–88,91,92,94–97,112].

The socio-emotional domain was the least studied among the included articles, with
only 23 (29.9%) focusing on this area (Figures 3 and S3). Within this subset, 18 (78.26%)
studies evaluated the subdomain social competence [33,44,46,49,60,67,73,74,76,84–86,90,
106,110,111], 17 (73.9%) explored emotional competence [33,44,46,49,60,69,72–74,79,89,90,
106,110,111], and 15 (65.2%) examined adaptive behavior [33,44,46,49,60,73,74,86,90,93,106,
110,111]. No studies evaluated attachment.

Among the reviewed studies, a variety of tests were applied, demonstrating a diverse
array of assessment methods. The Wechsler Intelligence Scale for Children (WISC) test
was the most frequently used, appearing in 19 (24.7%) of the studies [14,16,33,43,44,57,61–
64,68,71,80–82,90,103,106,109], followed by the Bayley Scales of Infant Development (BSID),
which were used in 14 (18.2%) studies [16–18,55,56,70,91,92,94–96,100,110,112], Raven’s
Progressive Matrices (RPM) in 6 (7.8%) studies [58,65,66,99,103,105], and the Behavior
Assessment System for Children (BASC) in 5 (6.5%) studies [33,44,46,49,90]. Only six tests
evaluated all three domains simultaneously: BSID, the Comprehensive Developmental
Inventory for Infants and Toddlers (CDIIT), the Malawi Developmental Assessment Tool
(MDAT), the Denver Developmental Screening Test II (DDST-II), Neonatal Behavioral
Neurological Assessments (NBNA), and the Ages and Stages Questionnaire Inventory
(ASQ). Most of these tests are recommended for children over 5 years old, with only a few
focusing on early neuropsychological assessment (BSID, ASQ, NBNA, CDIIT, and DDST-II)
(Table S3). Multiple tests were applied in 25 (32.5%) studies [16–18,23,33,44,49,51,53,54,58,
75,79,80,83,90,101–104,106–109,111].

3.5. Arsenic Exposure and Neuropsychological Function

Among the included studies, 57 (74.0%) reported neuropsychological decline,
21 (27.3%) reported no neuropsychological change, and 1 (1.3%) reported neuropsychologi-
cal improvement.

In the studies evaluating cognition (Figure S1), 52 (71.2%) reported a cognitive decline,
23 (31.5%) were cohort studies, and 29 (39.73%) were cross-sectional, with most focusing
on exposure during childhood. Urine was the most commonly used biomarker of As
exposure. These adverse effects were predominantly reported in studies conducted in
countries like Bangladesh [14,55–58,61–64], Mexico [75–82], China [66–70,72,74], and the
USA [16,33,43,44,49,51,53]. Among the 16 studies that included As speciation, 15 (93.7%)
evaluated cognition. Of these, 11 (73.3%) reported significant inverse associations between
iAs and cognitive performance [15,16,62,70,76,79,80,87,90,96,107], and 4 (26.7%) found
no statistically significant relationship [97,98,102,108]. Cognitive decline was primarily
observed in the domains of language and communication (n = 33, 45.2%) [14–16,33,43,
44,51,53,55,57,61–64,67,68,70,76,80–82,84,85,87,88,94,96,97,101,103,104,110,112], executive
function (n = 22, 30.1%) [15,23,33,43,44,53,57,63,64,67,76,78,80,81,83,87,88,97,101,103,104,
107], visuospatial skills (n = 21, 28.77%) [14,15,33,43,44,51,57,61–64,68,80–82,87,88,97,101,
103,107], attention (n = 18, 24.66%), and learning and memory (n = 18, 24.7%) [15,33,43,44,
53,57,63,64,75,80,81,87,88,97,101,103,104,107]. The remaining studies assessing cognition
did not report statistically significant associations with As exposure.

In the studies evaluating psychomotor skills (Figure S2), 22 (70.9%) reported a de-
cline, 9 (29.0%) observed no change, and 1 (3.2%) reported an improvement [97]. Among
the 22 studies reporting a decline, 7 (31.8%) performed As speciation, confirming that
the negative associations were driven specifically by iAs [15,52,70,76,87,96,97]. Of these
22 decline studies, 12 (54.6%) were cohort studies and 10 (45.5%) were cross-sectional in
design and primarily focused on childhood exposure, although several also assessed pre-
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natal and perinatal exposure. Urine and blood were the most frequently used biomarkers
of As exposure. Among these 22 (70.9%) studies, 18 (81.8%) assessed fine motor abili-
ties [15,44,52,56,59,67,70,76,84,85,87,88,94,96,97,101,103,112] and 16 (72.7%) assessed gross
motor abilities [15,59,67,69,70,72,76,84,85,87,88,93,94,96,97,112]. Notably, the single study
reporting a beneficial effect examined the association between the organic As species
arsenobetaine and fine motor function [97].

Regarding socio-emotional development (Figure S3), 18 (78.3%) studies reported a
negative impact, with 6 (26.1%) reporting no changes. Of the 18 studies reporting socio-
emotional decline, 10 (55.6%) were cohorts and 8 (44.4%) cross-sectional and focused
mainly on prenatal exposure, with urine and blood used as the primary biomarkers of
exposure. Of the 18 studies documenting a socio-emotional decline, 3 (16.7%) included
As speciation analyses and confirmed that the adverse effects were specifically linked to
iAs [76,79,90]. In the studies that reported socio-emotional decline, 14 (77.8%) focused
on social competence [33,44,48–50,67,74,76,84,85,90,106,110,111], 11 (61.1%) on adaptive
behavior [33,44,48–50,74,90,93,106,110,111], and 13 (72.2%) on emotional competence [33,
44,48–50,69,72,74,79,90,106,110,111].

3.6. Confounding Factors

To account for socioeconomic status, various variables, such as parental education level
and family income, were incorporated into 66 (85.7%) studies. Gestational age, maternal
age at delivery, or child age at assessment were considered potentially confounding factors
in 62 (80.5%) studies. Forty-six studies included child sex as a potential confounding
factor. Maternal pre-pregnancy BMI was regarded as a potentially confounding factor in
23 (29.9%) studies. Maternal IQ was considered in 14 (18.2%) studies. Parity was considered
in 14 (18.2%) studies. Home Observation for Measurement of the Environment (HOME) was
accounted for in 11 (14.3%) studies. Smoking status, including passive smoking, parental
smoking, and serum cotinine levels, was identified as a potentially confounding factor
in 13 (16.9%) studies [16,46,49,52,65,68,70,71,74,88,98,106]. Children’s head circumference
was included in 9 (11.7%) studies. Additionally, diet variables, such as calorie-adjusted fish
and rice intake and a healthy eating index, were recognized as potentially confounding
factors in 10 (13.0%) studies [15,23,46,49,54,74,86,99,101]. We identified two studies that
did not adjust for any potentially confounding factors [66,104].

4. Discussion

In this scoping review, we summarize the current state of environmental epidemio-
logic studies regarding As exposure and neuropsychological impact in children. Most of
the evidence, 74% of the included studies, supports a negative association between As
exposure and children’s neuropsychological development. Except for one study suggesting
a positive link [97], the rest found no association [17,18,45–47,54,60,65,71,73,74,86,89,91,92,
95,98,100,102,108,109]. The majority of the studies included in this review were published
between 2019 and 2024, the most recent four years, suggesting growing scientific interest in
this topic.

The USA, followed by Bangladesh, were the countries where most of the studies in-
cluded in this review were conducted. For several years, there has been concern regarding
exposure to As through diet and water in the USA [113,114]. The USA was included among
the countries most severely affected by As contamination in groundwater, being considered
one of the high-income countries with the highest As contamination levels in water [115].
However, the concentrations are typically lower than those found in Asian countries, such
as Bangladesh, where contamination in drinking water is considered a massive public
health issue [116], as aquifers are severely affected and millions of people consume water
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with high levels of As [117]. Concentrations of As measured in drinking water varied
dramatically across the included studies, from 5.8 μg/L in a Mexican cohort [82] to over
857 μg/L in Bihar, India [104], more than 85 times above the World Health Organization
(WHO) recommendation of 10 μg/L. In Mexico, water As at 5.8 μg/L was nonetheless
linked to lower scores in performance, verbal, and full IQ scores, suggesting that harms
may occur even below the 10 μg/L threshold [82]. In Bangladesh and India, where drink-
ing water arsenic frequently exceeded 50 μg/L and in many cases surpassed 100 μg/L,
multiple studies reported dose-related declines in verbal IQ, processing speed, and memory
scores [58,63,99,104]. All of this evidence may explain why the USA and Bangladesh were
the most studied countries in this review and why water was one of the most frequently
reported sources of As exposure in the included studies.

Dietary sources of As, particularly rice-based infant cereals and toddler foods, emerged
as a second critical exposure pathway. The 2019 HBBF Alliance report first quantified that
baby foods with iAs levels of 100–150 μg/kg contributed substantially to an estimated loss
of over 11 million IQ points across USA children aged 0–24 months, with rice products
alone accounting for roughly 20 percent of total IQ reductions [26]. These concentrations
exceed the USA Food and Drug Administration’s action level of 100 μg/kg, yet our review
found that neurodevelopmental effects were apparent at mean dietary As levels as low as
120 μg/kg. Conversely, studies focusing on arsenobetaine, a non-toxic organic As species
prevalent in fish and seafood, reported no adverse cognitive outcomes and even suggested
modest cognitive benefits attributable to omega-3 fatty acids [15,97,98].

Urinary total As served as the most widely used biomarker, reflecting combined
exposure from water and diet [118,119]. A recent review highlights As in urine as an
effective biomarker of dietary and water consumption exposure capable of detecting both
inorganic and organic compounds. Consequently, the review concludes that the number
of epidemiological studies utilizing urinary analysis to assess As exposure is currently
escalating and poised for further expansion in the future [120]. Remarkably, in a USA
birth cohort with mean urinary iAs of just 3.6 μg/L, researchers observed significant
reductions in processing speed and working memory [16]. In populations with urinary As
exceeding the reference value of <50 μg/L, which is considered the upper limit of acceptable
exposure in non-occupationally exposed populations, the associations with decreased IQ,
attention deficits, and impaired school readiness were both consistent and robust [58,79]. It
should be noted that the <50 μg/L urinary As value is a commonly used reference level
but not an official regulatory limit for non-occupational exposure. In contrast, cohorts
with urinary arsenic under 10 μg/L generally showed no significant neuropsychological
impairments, hinting at a possible threshold [60,109]; however, inter-study variability in
cognitive assessments and confounding adjustment underscores that this potential cutoff
requires confirmation.

Another key point discussed in the aforementioned review is the importance of As
speciation in urine. As speciation is crucial due to the significant differences in toxicity
among As species. Generally, inorganic As species are highly toxic, whereas organic As
species are excreted unchanged in urine and therefore considered non-toxic [121]. Con-
sequently, using urinary As for speciation analysis is regarded as a reference method for
determining the specific As species to which individuals are exposed, enabling targeted
interventions to reduce exposure and mitigate health effects. Nevertheless, it should be
noted that few of the included studies conducted As speciation, possibly because these
methods are relatively new and specific to identifying only certain arsenicals, which may
not be applicable to other As species [122]. The effect of As exposure during pregnancy
and/or childhood on children’s neuropsychological function was negatively associated
(74%) in the majority of the included studies. These results are in line with those presented
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in a review carried out by Ortiz-Garcia et al., whose main objective was to determine the
impact of As exposure on maternal and fetal health [8]. In the previous review, maternal
As exposure during pregnancy was identified as a critical window of concern, as As can
easily cross the placental barrier and lead to fetal alterations, such as low birth weight
and congenital anomalies [8]. Similarly, a systematic review of 92 studies conducted in
Latin America highlighted the harmful effects of As exposure during pregnancy and/or
childhood on several health issues, such as kidney injury, short gestational age, pulmonary
illness, and decreased cognitive function in children [123]. In our review, most of the in-
cluded studies analyzed the effects of maternal and/or childhood As exposure on children’s
cognitive function, which is frequently assessed in neuropsychological evaluations [36].
One possible reason most studies analyzed in this review focus on cognitive function is
the role of As as a neurotoxic agent. As has been shown to cross the blood–brain barrier,
potentially causing direct effects on the central nervous system [124–126]. Exposure to As
during pregnancy may affect the central nervous system by altering neuronal plasticity,
disrupting neural networks, and causing oxidative stress [125]. Nonetheless, our review
also identified studies with evidence of null and/or protective effects of As exposure during
pregnancy and/or infancy on neuropsychological function in children. These findings
suggest that the evidence may still be inconclusive and that further research is needed.
Importantly, however, the positive association found in one of the papers included in the
review was derived from arsenobetaine exposure, a non-toxic organic form of As that
is widely used in epidemiological studies as an indicator of fish/seafood consumption
in children [15,119,127]. Fish and seafood are also foods that stand out for being rich
in essential nutrients crucial for brain development, including proteins, vitamins, and
highlighting omega-3 long-chain polyunsaturated fatty acids [128]. High concentrations
of docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) are found in the brain,
and these are important components of neuronal cell membranes; they support synaptic
plasticity and have anti-inflammatory properties [129,130]. As speciation can help tease
apart the effects of beneficial nutrients in fish and seafood for neurodevelopment, whereas
assessing total As could lead to misclassification of exposure, especially in populations
with high fish consumption.

The present review has certain limitations. We cannot rule out selection bias, which is
inherent in all studies. Our inclusion criteria, such as limiting articles to only two languages,
may have increased this bias. However, one of these languages was English, which
is the most commonly used language in scientific research. Additionally, using only
five databases may have led to overlooking relevant articles. We should note that these
databases were selected based on the recommendations of Bramer et al. [32] for an optimal
combination of databases, which helps ensure comprehensive coverage of the available
scientific literature. We encountered challenges in establishing our search strategy due to
the broad nature of neuropsychological development and the lack of a standard definition,
which complicated the selection of search terms. As a result, we may have overlooked
some relevant terms during the search process, potentially introducing selection bias.
To mitigate this limitation, we used the definition proposed by Joan Forns et al. [36] for
neuropsychological development in epidemiological studies to guide our selection of search
terms, thus enhancing the replicability of this review.

Another inherent limitation in review papers is publication bias, which can indirectly
contribute to selection bias. This occurs when scientific journals do not publish studies
with null results, leading to their exclusion from review articles. In our study, we catego-
rized results as neuropsychological improvement, decline, or no change to clearly convey
outcomes. However, it is important to recognize that “no change” results do not imply
the absence of a neuropsychological impact; rather, they indicate that the observed effect
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was not statistically significant based on our study’s criteria. This necessary categorization
highlights primary findings but may overlook meaningful, non-significant trends. Taken
together, publication bias and the limitations inherent in our reporting criteria underscore
the need for caution when interpreting non-significant findings, as future research with dif-
ferent methodologies or larger sample sizes may provide additional insights. An additional
critical limitation concerns As exposure assessment. Most included studies report only
total urinary As without speciation into inorganic versus organic forms, which restricts the
validity of dose–response interpretations. Finally, we acknowledge that the quality of the
included articles was not assessed. Although assessing article quality is not a mandatory
requirement for scoping reviews [131], the lack of such an assessment could have led us
to include low-quality articles. To mitigate this limitation, we have provided figures and
narrative descriptions that include information on indicators closely related to methodolog-
ical quality, such as conflicts of interest, funding sources, and limitations reported by the
authors of the included articles. This information is intended to help readers interpret the
results presented in this scoping review.

We want to further highlight certain strengths of this scoping review. It provides
a synthesis of information based on a large number of studies (n = 77) on a specific
and relevant topic, namely, As exposure and its effect on neuropsychological function in
childhood. In this context, it is important to note that children are considered a vulnerable
study population, as disruptions during this critical stage can compromise development
throughout life, increasing the scientific interest of this work. Another strength of this
study is our use of a structured, detailed, and systematic methodology, ensuring the
replicability of our review. Additionally, we used a combination of databases to search
for articles, which is deemed optimal according to the scientific literature [32]. Finally, the
greatest strength of this work and of scoping reviews in general is their ability to identify
knowledge gaps. This identification helps other researchers target future investigations
and complement the existing evidence. The primary knowledge gaps identified in this
scoping review are the following: 1. the limited number of studies conducted in low-
income countries, excluding Bangladesh, such as African and Latin American countries,
and 2. the insufficient number of articles performing As speciation analysis given the
critical importance of understanding exposure to different As species. Without proper
speciation analysis, there is a risk of misinterpreting results and potentially underestimating
or overestimating health risks, which could lead to ineffective or misguided public health
interventions. Thirdly, the lack of comparability among studies due to the wide array of
tests used to assess neuropsychological function makes it nearly impossible to conduct
meta-analyses to evaluate the overall effects across studies.

5. Conclusions

This scoping review indicates that As exposure during prenatal, perinatal, and early-
childhood stages is frequently linked to neurodevelopmental decline, particularly in cogni-
tive function, although a minority of studies report null findings. The widespread use of
urine as a biomarker of As exposure, coupled with heterogeneous speciation methods, sam-
pling times, and neuropsychological instruments, has limited comparability and prevented
clear dose–response characterization. Future work that harmonizes exposure assessment
with iAs speciation, employs standardized developmental batteries across cognitive, motor,
and socio-emotional domains, and follows cohorts longitudinally from gestation to school
age will be essential to establish safe exposure thresholds, inform regulatory standards,
and guide targeted public health interventions.
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Abstract: Decades of unregulated zinc mining activities in the Mae Tao watershed, located
in Mae Sot District, Tak Province, northern Thailand, have resulted in the pervasive con-
tamination of agricultural soils with heavy metals, particularly cadmium (Cd), zinc (Zn),
lead (Pb), and manganese (Mn). This legacy pollution has significantly impacted multiple
environmental compartments—including surface water, groundwater, and sediments—and
poses chronic health risks to local populations. This study investigates the key geochemical
and physicochemical factors governing the leachability and mobility of these metals from
contaminated soils and evaluates the associated human health risks. Controlled leaching
experiments demonstrated that ionic strength exerts a more pronounced influence on metal
mobilization than pH or other tested variables, suggesting that the electrolyte composition
of pore water plays a dominant role in heavy metal transport. Despite elevated total
concentrations of Cd, Zn, Pb, and Mn in the soils, hazard quotient (HQ) calculations indi-
cated no significant non-carcinogenic risk under typical exposure scenarios. However, Cd
exhibited a carcinogenic risk above the acceptable threshold at both average and peak soil
concentrations, underscoring its potential to adversely affect human health. These findings
enhance the understanding of heavy metal behavior in contaminated agroecosystems and
provide a scientific basis for targeted risk management and long-term monitoring strategies
in the Mae Sot region.

Keywords: heavy metals; agricultural soils; health risk assessment; Mae Tao watershed;
leachability

1. Introduction

Heavy metal contamination in soils has been one of the major environmental problems
leading to several detrimental concerns regarding the environment and human health [1–3].
Heavy metals are released into the environment from the dissolution of primary sources
such as minerals and rocks, or they may be leached from soils and sediments from sorbed
metal ions, which are called a secondary source. The released metal ions are toxic and
may pose a human health risk after prolonged exposure. Health risks arising from heavy
metal exposure can be intensified in areas with industrial operations [4], dumpsites [4],
and mining activities, including mining operations, smelting activity, mine waste, and
tailings disposal [5–7]. Heavy metal pollution in agricultural soils has been widely reported
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across various regions. In African contexts, particularly within the six geopolitical zones
of Nigeria, the literature indicates that the primary sources of heavy metals such as Cd,
Cu, Ni, Pb, Zn, Co, Cr, Fe, and As include urban and industrial effluents, deteriorating
sewage infrastructure, sewage sludge, fertilizers, and pesticides [4]. The concentrations of
these metals span a wide range, with maximum levels frequently exceeding the WHO’s
permissible limits [4]. Their presence in agricultural soils poses serious environmental and
public health concerns, as evidenced by their accumulation in crops, cow’s milk, and animal
organs [8–11]. Similarly to Kafr El-Zayat—a major agricultural and industrial city in Egypt—
which faces significant soil contamination, particularly with aluminum, arsenic, cadmium,
chromium, and nickel [12], these metals are known carcinogens and can cause damage to
the brain, kidneys, liver, and other organs, primarily by inducing oxidative stress through
free radical generation [12–14]. Furthermore, a review of heavy metal contamination in
agricultural soils resulting from mining activities identified 72 affected mining areas in the
southern and eastern regions of China [15]. The results indicated potential non-carcinogenic
risks from the ingestion and dermal absorption of As, Cd, Cr, Cu, Ni, Pb, Zn, and Hg, as
well as potential carcinogenic risks from As [15]. It was observed that non-carcinogenic
risks were especially associated with lead–zinc, manganese, and tungsten mines, more so
than with copper, gold, and iron mines [15]. These findings highlight that heavy metals in
agricultural soils contribute to increasing toxicity levels and elevated public health risks, as
evidenced by bioaccumulation and biomagnification.

The Pa Daeng zinc mine, located in Mae Tao watershed, Mae Sot district, Tak province,
northern Thailand, is the largest zinc mine in Southeast Asia, which has operated for
almost four decades. The mining activity continuously feeds cadmium, zinc, and lead
contamination into nearby surface water, groundwater, and soils [16,17]. The Pa Daeng
zinc deposit is characterized as a secondary mineral deposit [18], which was formed via
the infiltration of zinc solution as a result of oxidized primary zinc sulfide and subsequent
groundwater transport before it was redeposited along the fault planes, fractures, and pore
spaces in the rock [19]. The redeposited ore was weathered by rain, surface water, and
groundwater, thus generating a continuing flux of dissolved heavy metals. The Mae Tao
Creek and its tributaries are the major transport route of the sediments and have contributed
to the distribution of heavy metals in soils and sediments downstream [20]. Moreover,
the Mae Tao Creek system is the main recharge into the Mae Tao watershed, making it
a chief water supply for local people for drinking, consuming, and agriculture [17]. The
Mae Tao watershed, which is close to a mining area and human communities, could cause
environmental and health issues.

Over almost two decades, there have been numerous studies on health-related and
environmental problems in the Mae Tao watershed. It has been revealed that this area has
a wide range contaminants, such as cadmium, zinc, lead, and manganese in soil, water,
and plants. The most dangerous situation is that the high mobility of cadmium and zinc in
soil–plant systems permits their easy entry into food chains [21], where they may stimulate
both human diseases [22] and toxic effects on animals, microorganisms, and plants [23].
The harmful health impacts on cadmium-exposed populations in the Mae Sot district have
been reported [24–28]. Contamination has led to health risk assessment, where it has been
reported that Mae Sot residents have irregularly higher cadmium contamination in their
blood, bones, and urine than normal Thai residents, resulting in a 10–86% increase in
disability-adjusted life years [29]. Recently, it was found that Mae Tao’s rice can take up
heavy metals, which accumulate in the grain [30–32], and that rice consumption causes
health impacts. Almost 20% of 159 samples collected in six villages of the Mae Tao sub-
district, Mae Sot district, Tak province, were contaminated with a high content of Cd [30].
Sticky rice contained, on average, 0.1–0.7 mg/kg of Cd, with 2.60 mg/kg as the maximum
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value, while white rice showed 0.1–0.3 mg/kg, with the maximum at 1.94 mg/kg [30]. A
health risk assessment of rice consumption was conducted and the result identified was that
both types were regarded as having a significant hazard quotient (>1) at the maximum Cd
concentration; however, only sticky rice poses a health risk when considering the average
Cd content [30]. The stream sediments of the Mae Tao Creek showed hazardous levels of
cadmium and zinc, with maxima of 37.11 mg/kg and 1231 mg/kg, and the highest values
of suspended solids were found to be 18.27 mg/kg of Cd and 17,767 mg/kg of Zn [17].
Intense concentrations of Cd and Zn in the soil of the agricultural area receiving water from
the Mae Tao Creek were found—5.93 to 30.4 mg/kg and 286 to 594 mg/kg, respectively [32].
Heavy metal contamination in the Mae Tao watershed has led to a particular focus on
health risk assessments of rice consumption, but the persistence of solid concentrations in
soil and stream sediments that function as the main heavy metal source for plant uptake,
to which humans are directly exposed, have been considered only in concentration and
distribution. Therefore, potential health risk assessments of heavy metals in the agricultural
soil of the Mae Tao watershed require further study.

Heavy metal contamination can be determined from its intensity and its leaching
potential, as well as chemical speciation, since the toxicity of heavy metals depends on
the concentrations of species [33,34]. Heavy metals will be more harmful when they are
leaching and being distributed into biota (bioavailability). John and Leventhal [35] gave the
definition of bioavailability as the ratio of total element concentrations that are available
for integration into biota or bioaccumulation [35]. They also explained that the plant root
can take up the heavy metals crossing the membrane of epidermal cells into plants’ cells
(bioaccumulation) from the contaminated soil; afterwards, the metal accumulated in plants
is consumed by herbivores and humans [35]. In this case, the trace elements enter through
the food chain and accumulate in the higher-order consumer, which causes significant
health risks across multiple physiological systems [36]. For instance, cadmium exposure is
extensively linked to a range of adverse outcomes, including respiratory issues like lung
diseases, hypertension, and various malignancies such as prostate, bladder, pancreatic,
kidney, and breast cancers [37]. Furthermore, Cd has been implicated in neurological
disorders, notably Alzheimer’s and Parkinson’s diseases [38–40]. Its ability to cross the
placental barrier also raises concerns about its potential impact on fetal development [41].
Similarly, lead exposure is known to disrupt a wide array of bodily functions, affecting the
neurological, skeletal, reproductive, hematopoietic, renal, and cardiovascular systems [42].
While essential in moderate amounts, excessive zinc intake can lead to toxicity, manifesting
as adverse effects on the neuronal, gastrointestinal, or respiratory systems [43]. Likewise,
chronic overexposure to manganese can result in progressive and permanent neurotoxicity,
often accompanied by toxicity to the lungs, heart, liver, and reproductive system [44,45].
Therefore, the bioavailability of heavy metals that have been identified as having a signifi-
cant impact on human health will be used for potential health risk assessments.

The primary objectives of this study are to characterize the geochemical properties of
native soils and quantify the total concentrations of cadmium (Cd), zinc (Zn), lead (Pb),
and manganese (Mn). Soil samples exhibiting elevated levels of these metals will be further
evaluated for their leachability under controlled conditions, with a particular focus on pH
and ionic strength—two key factors influencing metal bioavailability [35]. This assessment
aims to elucidate the potential for metal mobilization within the environment. In addition, a
comprehensive human health risk assessment will be conducted by considering all relevant
exposure pathways associated with the use of contaminated agricultural soils.
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2. Materials and Methods

2.1. Study Area

Soil sampling was conducted within the Mae Tao watershed, an agricultural region
located in Mae Sot District, Tak Province, northern Thailand. From an environmental geol-
ogy perspective, this area has been identified as a hotspot for heavy metal contamination,
particularly along the Mae Tao Creek, which flows downstream from the Pa Daeng zinc
mine [17] (see Figure 1). The creek also serves as a primary source of irrigation water for
local agriculture. This study aimed not only to assess the total metal concentrations, but
also to evaluate the bioavailability of heavy metals in agricultural soils. The sampling
design was primarily based on land use classification, with soil collected specifically from
paddy fields currently used by local farmers for cultivating rice and corn.

Figure 1. The locations of sampling points in the study area and Pa Daeng zinc mine, Mae Tao
watershed (modified from Royal Thai Survey Department, 1999 [46]).

2.2. Field Sampling

A total of 39 agricultural soil samples were collected across an area of approximately
25 km2. Sampling locations were selected randomly from active farmland currently used
by local residents for cultivating corn and rice. To minimize spatial autocorrelation, each
sampling point was spaced at least 200 m apart, as illustrated in Figure 1. The sampling sites
were georeferenced based on the topographic map of Mae Sot District (Sheet 4742 III) [46].
Soil samples were collected from a depth of 30 cm below the ground surface, which covered
the plowing depth in the study area, using a spade. Approximately 1 kg of soil was
placed into clean, transparent polyethylene zipper bags while maintaining field-moist
conditions. The bags were sealed immediately after sampling to preserve the natural
moisture and chemical properties of the soil, as required for subsequent geochemical and
physicochemical analyses in the laboratory.
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2.3. Chemical Analysis
2.3.1. Basic Soil Properties Analysis

The basic soil properties were determined using a 1:2 soil-to-water suspension
method [47]. For each sample, 50 g of soil was placed into a 250 mL flask, followed by the
addition of 100 mL of distilled water. The flasks were sealed with Parafilm® (Bemis Com-
pany, Inc., Neenah, WI, USA) to prevent evaporation and contamination. Measurements of
key soil parameters—temperature (◦C), pH (hydrogen ion activity), electrical conductiv-
ity (EC, in μS/cm), and oxidation-reduction potential (ORP, in mV)—were conducted at
multiple time intervals: 0.5, 1.5, 4, 12, 24, 36, and 48 h after mixing. The pH and oxidation-
reduction potential (ORP) were measured using a portable pH meter (HI9125, Hanna
Instruments, Cluj Napoca, Romania), while electrical conductivity (EC) was determined
with a multi-range conductivity meter (HI8733, Hanna Instruments, Amorim, Portugal).
These measurements provided insights into the temporal stability and interaction of soil’s
chemical properties in an aqueous suspension.

2.3.2. Chemical Analysis for Total Element Concentration

Prior to chemical analysis for the total elemental concentrations of four heavy metals—
cadmium (Cd), zinc (Zn), lead (Pb), and manganese (Mn)—approximately 500 g of each
soil sample was oven-dried at 70 ◦C for 72 h. Once dried, samples were manually cleaned
to remove extraneous materials such as rock fragments, plant residues, and other debris.
The cleaned soil was then finely ground using a porcelain mortar and pestle to obtain
a homogenous powder. Each powdered sample was divided into two subsamples: one
sieved through an 80-mesh nylon sieve (<177 μm) and the other through a 200-mesh nylon
sieve (<74 μm).

Subsequently, approximately 500 mg of each sieved subsample was subjected to
acid digestion using a tri-acid mixture comprising 20 mL of concentrated nitric acid
(HNO3), 20 mL of hydrofluoric acid (HF), and 2 mL of perchloric acid (HClO4) in a ratio
of 10:10:1 [48]. For sample digestion and other analytical procedures, all acids (including
concentrated HNO3 and HCl) and reagents used were of analytical grade and supplied by
MERCK (Darmstadt, Germany). Digestion was conducted under a laboratory chemical
fume hood with controlled heating until the solution reached boiling and was maintained
for 30 min. After cooling to an ambient laboratory temperature, the digested mixture
was filtered to remove undissolved residues, and the filtrate was stored in clean 150 mL
polyethylene bottles as stock solutions for subsequent analysis.

The total concentrations of Cd, Zn, Pb, and Mn were quantified using atomic absorp-
tion spectrometry (AAS) [49]. The measurements were performed with a PerkinElmer
Analyst 200 instrument,(PerkinElmer, Shelton, CT, USA) operated using AA WinLab32 soft-
ware version 6.5. Flame AAS (FAAS) was employed for atomization, utilizing a segmented
solid-state detector with a double-beam optical system to ensure the high accuracy and
reproducibility of metal quantification. As part of the quality assurance and quality control
protocol, all calibration curves were rigorously evaluated for linearity, with R2 values re-
quired to exceed 0.995 to ensure a strong linear response across the working concentration
range, with deionized water and standard solutions used for each calibration curve, along
with the supplier (MERCK, Germany). Moreover, the limits of quantification (LOQs) were
determined by analyzing multiple replicates of samples (3 times). Analysis of the samples
alternates between the samples and the standard solution (known concentration) in order
to ensure acceptable accuracy and precision.
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2.3.3. Determination of Heavy Metal Leachability

Three soil samples exhibiting significantly high concentrations of cadmium (Cd), lead
(Pb), zinc (Zn), and manganese (Mn) were selected for heavy metal leachability testing.
Each selected sample was subdivided into six sets (and each set has three replicates), with
approximately 20 g of finely powdered soil (both 80-mesh and 200-mesh fractions) allocated
per set. Each set was used to evaluate leachability under a distinct solution condition,
simulating variations in natural environmental parameters.

The 20 g soil subsamples were placed into clean 150 mL polyethylene bottles, to which
120 mL of a test solution was added. These test solutions varied in pH and ionic strength to
represent plausible environmental conditions that influence metal mobility. pH adjustments
were made using diluted hydrochloric acid (HCl) and sodium hydroxide (NaOH), while
ionic strength was controlled using sodium perchlorate (NaClO4), a non-reactive salt
that does not interfere with other chemical species in solution. The six experimental
conditions, combining different levels of pH and ionic strength, are summarized in Table 1.
Sodium perchlorate was chosen as the electrolyte due to its chemical inertness and minimal
complexation with metals, thereby minimizing interference with metal speciation during
the experiment [50,51]. The selected ionic strengths and pH values reflect the soil solution
conditions typically observed in contaminated agricultural environments and allow us to
systematically assess their influence on metal mobility. These parameters are commonly
employed in similar leaching studies to evaluate potential environmental risk and metal
bioavailability [52,53].

Table 1. The conditions of solution in leaching test.

Condition pH Ionic Strength (mol/L)

1 4.0 0.01
2 7.0 0.01
3 10.0 0.01
4 4.0 0.1
5 7.0 0.1
6 10.0 0.1

Each soil–solution mixture was thoroughly agitated to ensure complete interaction
between the soil particles and the test solution, facilitating the accurate assessment of metal
leaching behavior under the specified conditions.

For each duration time, the resulting solution would be separated from 20 mL of
solution using a centrifuge and by pipetting only clear solution. The centrifuge was used
in each mixture for 3500 rounds per minute (rpm) for ten minutes. The heavy metal
leachabilities in this study were sampled for five duration times, including 1 day, 3 days,
7 days, 14 days, and 28 days. After each duration of sampling, every mixture needed to be
shaken for mixing again. The separated clear solutions for each duration were measured
for the leached amount of cadmium, zinc, lead, and manganese using an atomic absorption
spectrometer to determine the heavy metals’ leachability in the various solution conditions.
Finally, the raw data was analyzed using a two-way ANOVA statistical method to identify
whether the pH or ionic strength was a significant factor in heavy metal leaching and to
determine the relationship between two variances.

2.4. Mineralogical Analysis Using X-Ray Diffractometer

In this step, the mineral composition of the powder soil samples in 200-mesh sieves,
which are the same samples as in the heavy metal leaching test, were analyzed using
BrukerD8 X-ray diffractometer (Bruker Corporation, Billerica, MA, USA), equipped with
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copper anode, at the Department of Geological Sciences, Faculty of Science, Chiang Mai
University. X-ray diffraction (XRD) was performed on powder samples using an X-ray
wavelength of 1.540598 nm. The identification and quantification of samples were assisted
by EVA (search-match program) in the database of the International Centre for Diffraction
Data (ICDD). The conditions of use were as follows: voltage 40 kV, stop 2θ 2 degrees, step
size 0.04 degrees, time/step divergence 0.5 degrees, and anti-scattering slit.

2.5. Health Risk Assessment Method

In general, health risk assessment for metal-contaminated soils involves evaluating ex-
posure through three primary pathways: ingestion, inhalation, and dermal absorption [54].
In this study, the assessment focused on the ingestion and dermal contact routes, as the
inhalation pathway is considered to contribute minimally to heavy metal exposure in agri-
cultural settings. The average daily dose (ADD) for both ingestion and dermal absorption
was calculated following the guidelines provided by the United States Environmental
Protection Agency (USEPA) [55]. The calculations were performed using the standard
equations outlined by the USEPA, as shown in Equation (1) for ingestion and Equation (2)
for dermal absorption, respectively.

ADDing =
C × I × EF × D

A × W
, (1)

where C is the concentration of heavy metals in soil (mg/kg) (data from laboratory analysis),
I is the ingestion rate (100 mg/d for adults and 200 mg/d for children [56]), EF is the
exposure frequency (350 days per year [56]), D is the exposure duration (70 years for
adults and 6 years for children), W is the body weight (56.7 kg for adults [57] and 16.2 kg
for children [54]), and A is average lifespan (70 × 350 d for adults and 6 × 350 d for
children [56]).

ADDderm =
C × ESA × AF × ABS × EF × D

A × W
(2)

ESA is the exposed skin surface area (5700 cm2 for adults 2800 cm2 for children [58]),
AF is the adherence factor (0.07 for adults 0.2 for children mg cm−2 [58]), and ABS is the
dermal absorption factor (0.001 for all metals) [59,60].

It is important to note that soil exposure may occur through ingestion, dermal ab-
sorption, or a combination of both pathways. When heavy metal contamination was
considered a non-carcinogenic health risk, the hazard quotient (HQ) was also evaluated
using Equation (3) for ingestion and Equation (4) for dermal absorption [55]:

HQoral =
ADDing

R f Do
, (3)

HQabs =
ADDderm
R f Dabs

, (4)

where R f Do is an oral references dose (1.00 × 10−3 mg/kg·d for Cd, 1.40 × 10−3 mg/kg·d
for Pb, 3.00 × 10−1 mg/kg·d [61,62] for Zn, and 1.40 × 10−1 mg/kg·d for Mn [62]), RfDabs

is a dermal adsorption dose (1.00 × 10−5 mg/kg·d for Cd and 4.20 × 10−4 mg/kg·d for
Pb [56,58,61,62]). To interpret the HQ, a value of the HQ greater than 1 indicates human
health risk. The maximum acceptable carcinogenic risk is 1 × 10−4, which is considered an
acceptable hazard [55].

It should be noted that carcinogenic health risk assessment only considered Cd and Pb
as probable human carcinogens [56], not Zn or Mn, because the USEPA defined the Zn and
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Mn groups as not classifiable regarding human carcinogenicity [63,64]. Lifetime Cancer
Risk (LCR) (Equations (5) and (6)) was analyzed for potential carcinogenic health risks [65].

LCRoral = ADDing × CSForal, (5)

LCRderm = ADDderm × CSFderm, (6)

where CSForal is the oral carcinogenic slope factor (6.1 mg/kg·d for Cd [66–68], 0.0085 mg/kg·d
for Pb [66,69]). CSFderm is the dermal carcinogenic slope factor (6.1 mg/kg·d for Cd [66],
0.0085 mg/kg·d for Pb [66,70]).

In addition, the total cancer risk from lifetime exposure (LCR) for Cd and Pb was esti-
mated based on the accumulative values of all exposure pathways using Equation (7) [69]:

LCRcancer = LCRing + LCRderm (7)

If the carcinogenic risk (LCR) value is less than 1 × 10−6, it is considered to pose no
significant cancer risk. A LCR value between 1 × 10−6 and 1 × 10−4 is generally regarded
as an acceptable or tolerable risk range for humans. However, if the LCR value exceeds
1 × 10−4, it indicates a high risk of cancer development and may warrant regulatory
concern or remediation.

3. Results

3.1. Basic Soil Properties

Basic soil properties—including the temperature, hydrogen ion activity (pH), electrical
conductivity (EC), and oxidation-reduction potential (ORP or Eh)—were measured at
multiple time intervals: 0.5, 1.5, 4.0, 12, 24, 36, and 48 h. Table 2 presents the descriptive
statistics (minimum, maximum, mean, median, standard deviation, and 95% confidence
intervals) for these parameters across the 39 soil samples.

Table 2. The values of pH, EC and ORP of soils measured at different times.

Variable Min Max Mean Median SD 95% IC

pH 0.5 h 7.17 8.86 7.96 7.79 0.53 0.17
1.5 h 6.94 8.56 7.89 7.93 0.39 0.12
4 h 6.61 8.47 7.79 7.79 0.36 0.11

12 h 5.96 7.63 6.98 7.09 0.44 0.14
24 h 6.06 7.60 6.95 6.95 0.41 0.13
36 h 5.75 7.29 6.71 6.79 0.37 0.12

EC (μS/cm) 0.5 h 2.60 194 21.4 9.7 36 11.4
1.5 h 3.90 268 34.0 17.3 55.5 17.6
4 h 5.40 320 44.7 28.0 66.4 21.1

12 h 6.50 588 78.8 43.5 125 39.8
24 h 11.10 755 110 76.2 158 50.1
36 h 11.80 817 126 83.1 183 58.3
48 h 13.00 932 139 90.2 204 64.7

ORP (mV) 0.5 h 123 299 217 223 40.0 12.6
1.5 h 138 329 223 224 43.1 13.6
4 h 160 337 241 241 33.8 10.7

12 h 168 319 214 210 36.1 11.4
24 h 206 366 244 237 35.3 11.3
36 h 209 306 247 243 24.5 7.73
48 h 214 342 262 262 25.3 7.99
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The pH values ranged from 5.75 to 8.86, indicating that the soil varied from weakly
acidic to weakly alkaline conditions over the course of the two-day observation period. A
general decreasing trend in pH was observed with increasing time, suggesting progressive
stabilization. Specifically, the pH values at each time interval were as follows: 7.17–8.86
(0.5 h), 6.94–8.56 (1.5 h), 6.61–8.47 (4.0 h), 5.96–7.63 (12 h), 6.06–7.60 (24 h), 5.75–7.29 (36 h),
and 6.09–7.20 (48 h). At equilibrium, soil samples tended toward a neutral pH, with both
mean and median values falling within the range of 6.91 to 7.91.

Electrical conductivity (EC) exhibited a wide range across samples, from 2.60 to
932 μS/cm, with mean and median values ranging from 9.7 to 139 μS/cm. In contrast, the
oxidation-reduction potential (ORP) values showed relatively narrow variation, ranging
between 214 and 366 mV, reflecting stable redox conditions across the samples.

3.2. Metal Contents, Leachability Test and Mineralogical Contants
3.2.1. Metal Concentrations

The total metal concentrations were determined using an acid digestion method, in
which concentrated acids were applied to extract metals from soil samples prepared in both
80-mesh and 200-mesh fractions. The concentrations of four target heavy metals—cadmium
(Cd), zinc (Zn), lead (Pb), and manganese (Mn)—were analyzed in soil samples collected
from the Mae Tao watershed. A statistical summary of the metal concentrations, along
with the relevant regulatory limits, was compiled based on data from 39 samples. Table 3
presents the descriptive statistics for each heavy metal, including the minimum, maximum,
mean, median, and standard deviation.

Table 3. Heavy metal contents in soils.

Metals Size Min Max Mean Median
Regulated
Standard

Cd (mg/kg) 80-mesh 6.59 135 23.90 17.40 3 *
200-mesh 7.40 251 30.00 17.80 3 *

Zn (mg/kg) 80-mesh 45.60 2756 338 128 300 *
200-mesh 51.70 3269 406 147 300 *

Pb (mg/kg) 80-mesh 5.40 144 38.90 31.40 300 *
200-mesh 7.20 235 45.40 33.40 300 *

Mn (mg/kg) 80-mesh 139 2917 892 792 1800 **
200-mesh 166 3255 936 810 1800 **

Sources: European Union (EU) maximum permissible [71] *, the Pollution Control Department (PCD) maximum
permissible [72] **.

The cadmium contents of 80-mesh sieved soil samples ranged from 6.59 to 135 mg/kg,
and the average was 23.90 mg/kg. All the values had a lower cadmium content in 200-mesh
sieved soil samples, ranging from 7.40 to 251 mg/kg, and the mean was 30.00 mg/kg. In the
same way, the amounts of zinc, lead, and manganese in 80-mesh sieved samples are smaller
than those in 200-mesh soil samples. The zinc contents of 80-mesh sieved soil samples
ranged from 45.6 to 2756 mg/kg, and the average was 338 mg/kg, lower than in 200-mesh
samples, whose contents ranged from 51.6 to 3269 mg/kg, with a mean value of 406 mg/kg.
The lead contents of 80-mesh sieved soil samples ranged from 5.40 to 144 mg/kg, with an
average of 38.9 mg/kg. In the case of 200-mesh-sized soil samples, the lead content ranged
from 7.20 to 235 mg/kg, and the mean was 45.4 mg/kg. Moreover, in 80-mesh samples, the
amount of manganese was found to range from approximately 139 to 2917 mg/kg, with
a mean value of 892 mg/kg. The manganese contents ranged from 166 to 3255 mg/kg,
with an average of 936 mg/kg in 200-mesh samples. This study showed that the larger soil
samples (80-mesh) contained lower contents than the small, sieved soil samples (200-mesh)
of all the types of heavy metals.
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In addition, the comparison of the measured heavy metals with the standard values
from the European Union (EU) [71] and the Pollution Control Department (PCD) maximum
permissible [72] was considered, in order to carry out a preliminary risk assessment. All
the statistical values of cadmium content were significantly greater than the maximum
allowance, despite minimum values of Cd (6.59 mg/kg for 80-mesh and 7.40 mg/kg for
200-mesh) that exceeded approximately two times the guideline values (3 mg/kg), but
all values of Pb were lower than the standard values (300 mg/kg). Considering Zn and
Mn, the average values of Zn (338 mg/kg for 80-mesh and 406 mg/kg for 200-mesh) were
over the European Union maximum permissible, which is 300 mg/kg, but Mn (892 mg/kg
for 80-mesh and 936 mg/kg for 200-mesh) had acceptable values; however, the maximum
values of Zn (2756 mg/kg for 80-mesh and 3269 mg/kg for 200-mesh) and Mn (2917 mg/kg
for 80-mesh and 3255 mg/kg for 200-mesh) were above the EU maximum permissible by
10 and 1.6 times, respectively. Notably, the total concentrations of Cd, Zn, Pb, and Mn were
5952 mg/kg for 80-mesh and 7010 mg/kg for 200-mesh.

3.2.2. Leachability of Metals

Three soil samples (S04, S12, and S19), exhibiting the highest total concentrations of
cadmium (Cd), zinc (Zn), lead (Pb), and manganese (Mn), were selected for the leaching
experiment. For each site, both 80-mesh and 200-mesh sieved fractions were tested, yielding
a total of six experimental soil samples. The leachability of heavy metals was assessed under
controlled laboratory conditions, by varying two key factors: ionic strength (0.01 M and
0.10 M NaClO4) and pH (adjusted to 4, 7, and 10). The leaching tests were conducted over a
28-day period, with leachate samples collected on days 1, 3, 7, 14, and 28. The concentrations
of leached metals were quantified using atomic absorption spectrometry (AAS).

Overall, the leached concentrations were substantially lower than the corresponding
total metal contents, and the leaching behavior was strongly influenced by both the soil
particle size and ionic strength (see Tables S1–S4). The data also showed variability over
time. To assess whether steady-state leaching was achieved, leached concentrations after
14 days were analyzed using linear regression. Following the criterion that a steady state is
reached when the slope of the concentration-versus-time curve is not statistically different
from zero [73], regression analysis (performed in Microsoft Excel®) confirmed that the
leaching rates had stabilized by day 14 (p > 0.05); see Figures S1–S4.

The leaching percentages for Cd, Zn, Pb, and Mn were calculated as the ratio of metal
leached at day 14 to the total metal content in each sample. These percentages were further
analyzed using two-way ANOVA, with replications to evaluate the significance of pH and
ionic strength effects. The results are summarized in Table 4. A statistically significant
effect was indicated when the calculated F-value exceeded the F-critical value [74].

The analysis revealed that ionic strength had a significant impact on Cd leaching
in both 80-mesh and 200-mesh samples, and on Pb leaching in the 80-mesh fraction. In
contrast, Zn and Mn leaching were not significantly affected by ionic strength. As shown
in Figure 2, soils subjected to the higher ionic strength (0.10 M) exhibited markedly greater
leaching of Cd and Pb compared to the 0.01 M treatment. This indicates enhanced metal
mobility under higher ionic strength conditions.

Regarding pH, no statistically significant differences in leaching were observed
across the pH levels tested. Furthermore, the metal leaching trends varied: Cd, Zn,
and Pb showed relatively stable leaching profiles, while Mn (particularly in the 200-
mesh samples) exhibited fluctuating concentrations over time (Figure 2), indicating an
unstable leaching pattern.
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Figure 2. Graph summarizing two-way ANOVA results of the percentages of leaching of lead,
manganese, cadmium, and zinc for ionic strength; (a) ionic strength factor of 80-mesh-sized samples,
(b) ionic strength factor of 200-mesh-sized samples; (c) pH factor of 80-mesh-sized samples; and
(d) pH factor of 200-mesh-sized samples.

Table 4. Two-way ANOVA results of cadmium, zinc, lead, and manganese in both 80- and 200-mesh-
sized samples.

Cd 80-Mesh 200-Mesh

Variation
Sum of
Squares

Mean
Square

F p-Value F-Crit
Sum of
Squares

Mean
Square

F p-Value F-Crit

Ionic strength 0.083 0.084 71.710 0.000 4.747 0.023 0.023 21.592 0.001 4.747
pH 0.004 0.002 1.525 0.257 3.885 0.002 0.001 1.026 0.388 3.885
Interaction 0.004 0.002 1.525 0.257 3.885 0.002 0.001 1.026 0.388 3.885
Within 0.014 0.001 0.013 0.001
Total 0.105 0.040

Zn 80-mesh 200-mesh

Ionic strength 1.27 × 10−6 1.27 × 10−6 0.048 0.830 4.747 4.67 × 10−8 4.67 × 10−8 0.0073 0.933 4.747
pH 2.52 × 10−5 1.26 × 10−5 0.475 0.633 3.885 2.73 × 10−5 1.37 × 10−5 2.1251 0.162 3.885
Interaction 2.57 × 10−5 1.28 × 10−5 0.485 0.627 3.885 1.42 × 10−5 7.11 × 10−6 1.1053 0.363 3.885
Within 3.18 × 10−4 2.65 × 10−5 7.72 × 10−5 6.43 × 10−6

Total 3.70 × 10−4 1.19 × 10−4

Pb 80-mesh 200-mesh

Ionic strength 2.028 2.028 4.966 0.046 4.747 0.000 0.000 0.000 0.985 4.747
pH 0.409 0.205 0.501 0.618 3.885 0.058 0.029 0.119 0.889 3.885
Interaction 0.094 0.047 0.115 0.892 3.885 0.328 0.164 0.680 0.525 3.885
Within 4.902 0.409 2.891 0.241
Total 7.434 3.276

Mn 80-mesh 200-mesh

Ionic strength 1.604 1.604 1.383 0.262 4.747 4.380 4.380 3.425 0.089 4.747
pH 0.019 0.009 0.008 0.992 3.885 2.286 1.143 0.894 0.435 3.885
Interaction 0.287 0.143 0.124 0.885 3.885 0.946 0.473 0.370 0.699 3.885
Within 13.917 1.160 15.350 1.279
Total 15.826 22.962
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3.2.3. Mineralogical Composition of Soils

An X-ray diffraction technique was used to analyze the mineral compositions and
carry out the semi-quantitative analysis, in which the results were applied in the stimu-
lation part. This procedure used three 200-mesh sieved representatives. The XRD results
are shown in Figure S3 and the semi-quantitative analysis of mineral compositions can
be tentatively carried out using an X-ray diffractometer (XRD), using the percentage of
all mineral compositions in the soil samples, as summarized in Table 5. The mineral com-
positions of samples mainly consisted of four minerals, namely quartz (76.65–87.91%),
magnesium calcite (2.84–4.82%), dolomite (5.45–11.91%), and clay mineral (0–7.87%). Clay
minerals disappeared from one out of three samples. The clay mineral contents of the
two samples were from different categories. One sample found only illite (3.79%), and
the other contained both illite (3.30%) and chlorite (4.57%). It should be noted that X-ray
diffraction (XRD) was employed to identify the major mineralogical composition of soil
samples. While XRD is effective for detecting dominant, well-crystallized phases, its utility
is limited for trace-level or poorly crystalline constituents. The detection threshold for XRD
typically exceeds 1–2 wt%, meaning that low-abundance Cd-bearing phases may not be
observable. Furthermore, XRD does not provide information on the chemical speciation or
binding state of trace metals such as cadmium. Therefore, the absence of identifiable Cd
minerals in our analysis does not preclude the presence of Cd in labile or adsorbed forms.
This limitation was considered in the interpretation of results and highlights the need for
complementary techniques in future studies.

Table 5. Results of semi-quantitative analysis of soil samples using XRD.

Sample No. (Name)

Composition

Quartz (%) Magnesium Calcite (%) Dolomite (%)
Clay Minerals

Illite (%) Chlorite (%)

1 (S4) 84.62 3.47 11.91 - -
2 (S12) 87.91 2.84 5.45 3.79 -
3 (S19) 76.65 4.82 10.66 3.30 4.57

3.3. Health Risk Assessment Calculation

Non-carcinogenic risk was assessed through the calculation of the average daily dose
(ADD, in mg/kg × d) and total hazard quotient (HQ) for four heavy metals: cadmium
(Cd), lead (Pb), zinc (Zn), and manganese (Mn). These calculations were based on the
mean, minimum, and maximum concentrations of each metal in two particle size fractions
(80-mesh and 200-mesh) and considered two exposure pathways: ingestion and dermal
contact. The ADD and HQ values were evaluated separately for adults and children, as
summarized in Tables 6 and 7, respectively.

The results indicated that the ADD values for ingestion (ADDing) were significantly
higher than those for dermal absorption (ADDderm) across all metals and age groups.
The ADD values were comparable between adults and children, but ingestion remained
the dominant exposure route. A positive correlation was observed between the metal
concentration and ADD, with the ranking of average intake levels as follows: Mn > Zn >
Cd > Pb.

In contrast, the hazard quotient (HQ) values followed a different trend: Cd > Pb > Zn > Mn.
Notably, the HQ values for children were approximately one to two times higher than those
for adults, reflecting their increased vulnerability. Additionally, the HQs were higher for the
smaller particle size (200-mesh), indicating the greater bioavailability of metals in finer soils.
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Table 6. Average daily dose (ADD) and hazard quotient (HQ) of heavy metals via ingestion and
dermal adsorption from agricultural soils for adults.

Metals Value Size
Concentration

(mg/kg)
ADDing ADDderm HQing HQderm

Cd Mean 80-mesh 23.90 4.04 × 10−5 1.61 × 10−7 4.04 × 10−2 1.61 × 10−2

200-mesh 30.00 5.07 × 10−5 2.02 × 10−7 5.07 × 10−2 2.02 × 10−2

Min 80-mesh 6.59 1.11 × 10−5 4.45 × 10−8 1.11 × 10−2 4.45 × 10−3

200-mesh 7.40 1.25 × 10−5 4.99 × 10−8 1.25 × 10−2 4.99 × 10−3

Max 80-mesh 135.00 2.28 × 10−4 9.11 × 10−7 2.28 × 10−1 9.11 × 10−2

200-mesh 251.00 4.24 × 10−4 1.69 × 10−6 4.24 × 10−1 1.69 × 10−1

Pb Mean 80-mesh 38.90 6.58 × 10−5 2.62 × 10−7 4.70 × 10−2 6.25 × 10−4

200-mesh 45.40 7.68 × 10−5 3.06 × 10−7 5.48 × 10−2 7.29 × 10−4

Min 80-mesh 5.40 9.13 × 10−6 3.64 × 10−8 6.52 × 10−3 8.68 × 10−5

200-mesh 7.20 1.22 × 10−5 4.86 × 10−8 8.70 × 10−3 1.16 × 10−4

Max 80-mesh 144.00 2.44 × 10−4 9.72 × 10−7 1.74 × 10−1 2.31 × 10−3

200-mesh 235.00 3.97 × 10−4 1.59 × 10−6 2.84 × 10−1 3.78 × 10−3

Zn Mean 80-mesh 338.00 5.72 × 10−4 2.28 × 10−6 1.91 × 10−3 -
200-mesh 406.00 6.87 × 10−4 2.74 × 10−6 2.29 × 10−3 -

Min 80-mesh 45.60 7.71 × 10−5 3.08 × 10−7 2.57 × 10−4 -
200-mesh 51.70 8.74 × 10−5 3.49 × 10−7 2.91 × 10−4 -

Max 80-mesh 2756.00 4.66 × 10−3 1.86 × 10−5 1.55 × 10−2 -
200-mesh 3269.00 5.53 × 10−3 2.21 × 10−5 1.84 × 10−2 -

Mn Mean 80-mesh 892.00 1.51 × 10−3 6.02 × 10−6 1.08 × 10−2 -
200-mesh 936.00 1.58 × 10−3 6.32 × 10−6 1.13 × 10−2 -

Min 80-mesh 139.00 2.35 × 10−4 9.38 × 10−7 1.68 × 10−3 -
200-mesh 166.00 2.81 × 10−4 1.12 × 10−6 2.01 × 10−3 -

Max 80-mesh 2917.00 4.93 × 10−3 1.97 × 10−5 3.52 × 10−2 -
200-mesh 3255.00 5.50 × 10−3 2.20 × 10−5 3.93 × 10−2 -

Table 7. Average daily dose (ADD) and hazard quotient (HQ) of heavy metals via ingestion and
dermal adsorption from agricultural soils for children.

Metals Value Size
Concentration

(mg/kg)
ADDing ADDderm HQing HQderm

Cd Mean 80-mesh 23.90 2.43 × 10−5 6.79 × 10−8 2.43 × 10−2 6.79 × 10−3

200-mesh 30.00 3.04 × 10−5 8.52 × 10−8 3.04 × 10−2 8.52 × 10−3

Min 80-mesh 6.59 6.69 × 10−6 1.87 × 10−8 6.69 × 10−3 1.87 × 10−3

200-mesh 7.40 7.51 × 10−6 2.10 × 10−8 7.51 × 10−3 2.10 × 10−3

Max 80-mesh 135.00 1.37 × 10−4 3.84 × 10−7 1.37 × 10−1 3.84 × 10−2

200-mesh 251.00 2.55 × 10−4 7.13 × 10−7 2.55 × 10−1 7.13 × 10−2

Pb Mean 80-mesh 38.90 3.95 × 10−5 1.11 × 10−7 2.82 × 10−2 2.63 × 10−4

200-mesh 45.40 4.61 × 10−5 1.29 × 10−7 3.29 × 10−2 3.07 × 10−4

Min 80-mesh 5.40 5.48 × 10−6 1.53 × 10−8 3.91 × 10−3 3.65 × 10−5

200-mesh 7.20 7.31 × 10−6 2.05 × 10−8 5.22 × 10−3 4.87 × 10−5

Max 80-mesh 144.00 1.46 × 10−4 4.09 × 10−7 1.04 × 10−1 9.74 × 10−4

200-mesh 235.00 2.38 × 10−4 6.68 × 10−7 1.70 × 10−1 1.59 × 10−3

Zn Mean 80-mesh 338.00 3.43 × 10−4 9.60 × 10−7 1.14 × 10−3 -
200-mesh 406.00 4.12 × 10−4 1.15 × 10−6 1.37 × 10−3 -

Min 80-mesh 45.60 4.63 × 10−5 1.30 × 10−7 1.54 × 10−4 -
200-mesh 51.70 5.25 × 10−5 1.47 × 10−7 1.75 × 10−4 -

Max 80-mesh 2756.00 2.80 × 10−3 7.83 × 10−6 9.32 × 10−3 -
200-mesh 3269.00 3.32 × 10−3 9.29 × 10−6 1.11 × 10−2 -

Mn Mean 80-mesh 892.00 9.05 × 10−4 2.53 × 10−6 6.47 × 10−3 -
200-mesh 936.00 9.50 × 10−4 2.66 × 10−6 6.78 × 10−3 -

Min 80-mesh 139.00 1.41 × 10−4 3.95 × 10−7 1.01 × 10−3 -
200-mesh 166.00 1.68 × 10−4 4.72 × 10−7 1.20 × 10−3 -

Max 80-mesh 2917.00 2.96 × 10−3 8.29 × 10−6 2.11 × 10−2 -
200-mesh 3255.00 3.30 × 10−3 9.25 × 10−6 2.36 × 10−2 -

201



Toxics 2025, 13, 687

Despite these differences, all HQ values for both adults and children remained below
the threshold of 1, suggesting no significant non-carcinogenic health risk. However, it is
important to note that both adults and children are sensitive to the ingestion of Cd and Pb,
while adults represent a more sensitive population group for the dermal adsorption of Cd.
These results may require special attention in long-term exposure scenarios.

For the carcinogenic risk assessment (Table 8), the calculated cancer risk (CR) values
for cadmium (Cd) indicate that exposure via ingestion at both the maximum and average
values of concentrations in both 80-mesh and 200-mesh soil exceeds the acceptable threshold
(CR > 1 × 10−4) for both adults and children, suggesting a potentially significant cancer risk
from this pathway. In the case of dermal adsorption, the concentrations of cadmium and
lead in both grain sizes resulted in a lifetime cancer risk (LCR) value of less than 1 × 10−4,
indicating no carcinogenic concern via dermal exposure.

Table 8. Cancer risk of assessed metals via ingestion and dermal adsorption from agricultural soils.

Metals Value Age Size
Concentration

(mg/kg)
LCRing LCRderm LCRcancer

Cd Mean Adults 80-mesh 23.90 2.47 × 10−4 9.84 × 10−7 2.48 × 10−4

200-mesh 30.00 3.09 × 10−4 1.23 × 10−6 3.11 × 10−4

Children 80-mesh 23.90 1.48 × 10−4 4.14 × 10−7 1.48 × 10−4

200-mesh 30.00 1.86 × 10−4 5.20 × 10−7 1.86 × 10−4

Min Adults 80-mesh 6.59 6.80 × 10−5 2.71 × 10−7 6.83 × 10−5

200-mesh 7.40 7.63 × 10−5 3.05 × 10−7 7.66 × 10−5

Children 80-mesh 6.59 4.08 × 10−5 1.14 × 10−7 4.09 × 10−5

200-mesh 7.40 4.58 × 10−5 1.28 × 10−7 4.59 × 10−5

Max Adults 80-mesh 135.00 1.39 × 10−3 5.56 × 10−6 1.40 × 10−3

200-mesh 251.00 2.59 × 10−3 1.03 × 10−5 2.60 × 10−3

Children 80-mesh 135.00 8.36 × 10−4 2.34 × 10−6 8.38 × 10−4

200-mesh 251.00 1.55 × 10−3 4.35 × 10−6 1.56 × 10−3

Pb Mean Adults 80-mesh 38.90 5.59 × 10−7 2.23 × 10−9 5.61 × 10−7

200-mesh 45.40 6.53 × 10−7 2.60 × 10−9 6.55 × 10−7

Children 80-mesh 38.90 3.36 × 10−7 9.39 × 10−10 3.36 × 10−7

200-mesh 45.40 3.92 × 10−7 1.10 × 10−9 3.93 × 10−7

Min Adults 80-mesh 5.40 7.76 × 10−8 3.10 × 10−10 7.79 × 10−8

200-mesh 7.20 1.04 × 10−7 4.13 × 10−10 1.04 × 10−7

Children 80-mesh 5.40 4.66 × 10−8 1.30 × 10−10 4.67 × 10−8

200-mesh 7.20 6.21 × 10−8 1.74 × 10−10 6.23 × 10−8

Max Adults 80-mesh 144.00 2.07 × 10−6 8.26 × 10−9 2.08 × 10−6

200-mesh 235.00 3.38 × 10−6 1.35 × 10−8 3.39 × 10−6

Children 80-mesh 144.00 1.24 × 10−6 3.48 × 10−9 1.25 × 10−6

200-mesh 235.00 2.03 × 10−6 5.68 × 10−9 2.03 × 10−6

These findings suggest that elevated Cd concentrations in fine soil particles (200-mesh)
pose a notable carcinogenic risk through ingestion for both adults and children, and through
the ingestion of the average and maximum concentration levels. In contrast, the LCR values
for lead (Pb) through both the oral and dermal exposure pathways ranged from 9.39 × 10−10

(dermal) to 1.24 × 10−6 (oral). These values fall within or below the generally accepted
risk range of 1 × 10−6 to 1 × 10−4, with values below 1 × 10−6 considered to indicate no
significant carcinogenic risk. Therefore, the carcinogenic risk associated with Pb exposure
in this study is considered negligible to acceptable under the current exposure conditions.
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4. Discussion

4.1. Basic Properties of Soils

The analysis of basic soil properties across samples collected from the Mae Tao water-
shed revealed dynamic changes in soil chemistry over time. In particular, the pH values of
soil–water suspensions demonstrated a notable shift from weakly alkaline to neutral or
slightly acidic conditions over a 48 h observation period. The initial alkaline conditions
gradually declined with increasing time, suggesting the onset of chemical equilibration.
This trend can be attributed to the activity of hydrogen (H+) and aluminum (Al3+) ions,
which are key contributors to soil acidity. Aluminum ions undergo hydrolysis in the aque-
ous phase, forming AlOH2+ and releasing protons (H+), which in turn reduce pH levels
over time [75,76]. Each Al3+ ion can produce up to three H+ ions, amplifying the acidi-
fying effect in the soil solution during equilibration. Despite this acidification, the mean
and median pH values across all samples remained within the neutral range of 6.91–7.91,
indicating that the soils tend to stabilize around a neutral pH under natural conditions.

The electrical conductivity (EC) values varied widely among the samples, ranging
from 2.60 to 932 μS/cm. This wide distribution indicates heterogeneity in the soluble salt
content, likely influenced by agricultural practices such as the use of chemical fertilizers and
irrigation water sourced from contaminated streams, particularly the Mae Tao Creek [77].
Over time, the EC values exhibited a consistent increase, driven by the dissolution of
salts and ions present in the soil into the initially deionized water used for extraction. As
equilibrium was approached, ion release stabilized, reflecting the chemical dynamics of
soil–water interactions.

Oxidation-reduction potential (Eh) measurements showed moderate oxidation condi-
tions across all samples, with values ranging between 214 and 366 mV. None of the samples
exhibited reducing conditions (Eh < 100 mV). These values suggest that the soils are aer-
ated and not waterlogged, which is consistent with agricultural usage. The combined
data for pH, EC, and Eh further suggest that the soils exhibit considerable variability in
physicochemical properties, likely due to the differential impacts of anthropogenic inputs,
including fertilizers, pesticides, irrigation, and industrial discharges. This heterogeneity
has important implications for the behavior, mobility, and bioavailability of heavy metals
in the soil matrix.

4.2. Total Heavy Metal Concentrations and Soil Particle Size Effects

The total concentrations of cadmium (Cd), zinc (Zn), lead (Pb), and manganese (Mn)
were determined for both 80-mesh and 200-mesh sieved soil fractions. Notably, the finer
200-mesh particles consistently exhibited higher concentrations of all four metals. For
instance, the Cd levels in 200-mesh samples ranged up to 251 mg/kg (mean: 30.00 mg/kg),
significantly higher than the 135 mg/kg maximum observed in 80-mesh samples (mean:
23.90 mg/kg). Similar trends were observed for Zn, Pb, and Mn. This size-dependent
distribution reflects the greater specific surface area of finer particles, which enhances the
sorption capacity and metal retention via surface complexation and ion exchange [76].

These findings confirm that particle size plays a critical role in determining the total
metal concentrations in soil, and that finer particles present a greater risk to metal mobi-
lization and bioavailability. The increased surface area in smaller particles provides more
reactive sites for the adsorption of metals, making them more relevant when assessing
environmental risk and remediation potential.

4.3. Comparison with Regulatory Standards

When compared with the regulatory limits established by the European Union
(EU) [71] and Thailand’s Pollution Control Department (PCD) [72], the concentrations
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of Cd in all samples exceeded the permissible thresholds, with even the minimum values
surpassing the guideline levels by a factor of two or more. The Zn and Mn levels were also
elevated; the average Zn concentration exceeded the EU limits, and the maximum concen-
trations exceeded the permissible levels by 10-fold (Zn) and 1.6-fold (Mn). In contrast, the
Pb concentrations remained below the regulatory thresholds in all cases.

These results indicate that the Mae Tao watershed is significantly contaminated with
Cd, moderately contaminated with Zn and Mn, and not notably impacted by Pb. The
elevated Cd levels raise concern due to its high toxicity, persistence, and potential for
bioaccumulation in agricultural systems. The excessive Cd concentrations are consistent
with previous studies linking contamination in this area to long-term zinc mining and
industrial activity upstream of the Mae Tao Creek.

4.4. Heavy Metal Leachability

Leaching experiments were conducted on the three most contaminated soil samples
(S04, S12, and S19) under varying pH and ionic strength conditions. Results showed that
metal leachability was strongly influenced by ionic strength, especially for Cd and Pb. At
a higher ionic strength (0.10 M), the electrical double layer surrounding soil particles is
compressed, reducing electrostatic repulsion and increasing metal sorption, thus decreasing
leachability [78–80]. Conversely, lower ionic strength (0.01 M) expands the double layer,
allowing for the greater mobility and leaching of Cd and Pb into solution.

In contrast, the leachability of Zn and Mn was not significantly influenced by ionic
strength, suggesting that their retention in soil is governed by other factors, such as specific
adsorption to mineral surfaces or incorporation into secondary minerals. The influence of
pH on leachability was not statistically significant in this study, although its role in surface
protonation and the deprotonation of soil minerals is known to affect metal mobility under
different conditions [81,82]. These results support the conclusion that ionic strength is a
dominant factor in Cd and Pb leaching in the study soils, while pH plays a more complex
and secondary role.

4.5. Mineralogical Evidence and Metal Speciation

X-ray diffraction (XRD) analysis was conducted on representative samples to evalu-
ate mineralogical compositions. Major phases included quartz (76.65–87.91%), dolomite
(5.45–11.91%), magnesium calcite (2.84–4.82%), and minor clay minerals (0–7.87%). Notably,
no crystalline phases of cadmium-bearing minerals such as otavite (CdCO3) or greenock-
ite (CdS) were detected, suggesting that Cd exists in the soil primarily in adsorbed or
amorphous forms rather than as discrete mineral phases. This supports the interpretation
that the observed Cd in leachates originates from loosely bound or exchangeable fractions
rather than from the dissolution of cadmium minerals.

4.6. Health Risk Assessment

The human health risk assessment included an evaluation of both non-carcinogenic
and carcinogenic risks via the ingestion and dermal exposure pathways. Non-carcinogenic
risks were quantified using the hazard quotient (HQ) based on the average daily dose
(ADD). The HQ values for all metals (Cd, Pb, Zn, and Mn) in both adults and children were
below the threshold of 1.0, indicating no significant health risk under the current exposure
conditions. Ingestion was the dominant exposure route, with the ADDing consistently
higher than the ADDderm across all metals. This aligns with the established exposure
patterns for soil contaminants.

Despite earlier studies reporting adverse health outcomes in the local population and
concerns about Cd exposure from rice consumption [27,31], the present assessment based
on soil exposure pathways (ingestion and dermal contact) suggests that non-carcinogenic
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risk is minimal. One possible explanation for this is that the sampled soils, collected at a
depth of 30 cm, may represent a leached zone with lower bioavailable concentrations of
contaminants compared to surface soils, where human exposure is more direct.

However, the carcinogenic risk assessment revealed more concerning results. The
lifetime cancer risk (LCR) values for Cd exceeded the critical threshold of 1 × 10−4 in
some scenarios, particularly in ingestion pathways for both adults and children, using
both 80-mesh and 200-mesh soil samples. This suggests that Cd in fine soil particles
poses a potential carcinogenic risk, especially through the oral pathway. The dermal-
based exposure LCR for Cd exceeded the acceptable limits all of concentrations in both
80-mesh and 200-mesh samples [55]. In contrast, Pb’s LCR values were within or below
the acceptable range (1 × 10−6 to 1 × 10−4 and less than 1 × 10−6), indicating negligible
carcinogenic risk.

Adults exhibited slightly higher vulnerability compared to children, with estimated
hazard quotient (HQ) and lifetime cancer risk (LCR) values approximately one to two times
greater across all exposure pathways. This increased susceptibility is primarily attributed to
the longer lifespan of adults, which extends the duration of exposure and thereby amplifies
both non-carcinogenic and carcinogenic risk accumulations over time, particularly from
early life stages onward.

4.7. Implications and Recommendations

The results of this study highlight the complex interplay between soil properties,
heavy metal contamination, particle size, leachability, and potential health risks. The Mae
Tao watershed remains heavily impacted by cadmium contamination, with measurable
risks for long-term human exposure, particularly through the oral pathway with both
coarse and fine soil particles. While non-carcinogenic risk appears low under the current
exposure assumptions, the carcinogenic potential of Cd warrants continued monitoring,
the stricter regulation of agricultural land use, and targeted remediation efforts.

Future work should prioritize surface soil sampling (<15 cm depth), seasonal varia-
tions, and food chain transfer, particularly in rice and vegetable crops. Additional studies
on metal speciation, bioavailability, and long-term soil–plant–human interactions are essen-
tial for developing a comprehensive risk management strategy for the region.

5. Conclusions

This study provides a comprehensive evaluation of heavy metal contamination, leach-
ability behavior, and the associated human health risks in agricultural soils of the Mae
Tao watershed, Mae Sot District, Tak Province, Thailand. The findings revealed elevated
concentrations of cadmium (Cd), zinc (Zn), lead (Pb), and manganese (Mn) in both surface
and subsurface soils, with Cd levels significantly exceeding the national and international
regulatory thresholds [72]. While Zn and Mn were present at moderately elevated levels,
Pb concentrations generally remained within the acceptable limits.

Leachability experiments demonstrated that ionic strength is a key factor influencing
the mobility of heavy metals, particularly Cd and Pb, in the soil environment. Higher ionic
strength was associated with increased metal desorption and mobility, thereby enhancing
the potential for bioavailability and environmental transport. In contrast, pH showed no
consistent or statistically significant effect on leaching behavior, likely due to its complex
interactions with soil mineral surfaces and competing ions. These findings suggest that
conventional assessments based solely on total metal concentrations may overestimate or
underestimate actual environmental risk unless the influence of soil chemistry is properly
accounted for.
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Health risk assessments indicated that, under the current exposure scenarios via
ingestion and dermal contact, none of the evaluated heavy metals posed a significant non-
carcinogenic risk to either adults or children. However, carcinogenic risk from cadmium,
particularly through ingestion exposure to both coarse (80-mesh) and fine soil particles
(200-mesh), was found to exceed the acceptable threshold (1 × 10−4), signaling potential
long-term health concerns. Lead also presented a minor carcinogenic risk, but remained
within the acceptable limits.

Overall, this study underscores the importance of understanding the geochemical
behavior of heavy metals in agricultural soils. Factors such as particle size, ionic strength,
and mineralogical composition play critical roles in determining metal mobility and risk
potential. The complex and dynamic nature of soil systems necessitates an integrated
approach for effective environmental monitoring and risk management in contaminated
agricultural landscapes.
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Abstract: The development and use of urban spaces for food production is increasing
in response to the search for healthier foods and contact with nature. These spaces can
be created or built on materials of various types, which might contain potentially toxic
elements (PTEs). This study focuses on the evaluation of soil fertility and contamination
levels in urban and rural kitchen gardens in Lisbon, Portugal. Soils of twenty kitchen
gardens (nurban = 15; nrural = 5) were sampled, and their physicochemical characteristics
and the contents of PTEs in the total and available fractions were analyzed. The results
were used to calculate contamination indices and associated ecological risk. The soils of
the urban and rural kitchen gardens had a neutral pH, with the presence of carbonate
forms, and moderate-to-high organic matter contents, although with a clear nutritional
imbalance. Regarding PTEs, both urban and rural kitchen gardens soils showed elevated
levels of certain elements (e.g., Cr, Ni, Cu), exceeding the maximum allowable values
established by Portuguese regulations. However, the available fraction of these elements
was generally low. Contamination indices ranged from mild to considerable in isolated
cases, with no general multi-element contamination or ecological risk. This suggests that
associated environmental and health risks are minimal, although periodic monitoring of
kitchen gardens’ soil quality is necessary to ensure and maximize the health benefits.

Keywords: pollution index; enrichment factor; PLI; potential ecological risk; community
gardens; allotment gardens; urban soils

1. Introduction

Urbanization is a growing, worldwide phenomenon. The United Nations (UN) has es-
timated that the urban population will increase from 30% in 1950 to 68% of total population
in 2050, a proportion even higher in more developed countries (86%) [1]. Movements and
concentration of population in urban areas have positively affected societies’ wellbeing and
public health, by improving their residents’ living standards [2,3], associated with more
opportunities or access to healthcare, for instance by providing more opportunities and
better access to healthcare.

However, urban living and exposure to urban environment-associated risk factors
can also be harmful to health and mortality [3,4], posing health challenges to individuals
related to the urban environment and lifestyle. Estimations of mortality attributable to
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urban environmental risks highlight a negative impact, for instance, from living exposed to
excessive air pollution [5,6], extreme heat [7] and insufficient green spaces [8,9].

Green infrastructure in cities and urban gardening is particularly important, preserv-
ing health and wellbeing of urban populations and offering recreational opportunities,
physical activity and social cohesion [10–14]. The positive effects on health and wellbeing,
especially mental health, of being in contact with natural environments within the urban
setting have also been documented [15,16]. Despite heterogeneity across study designs and
populations, findings seem to agree on the fact that exposure to green spaces has benefits
for mental health outcomes [17–20]. Human–nature interactions in cities also provide
opportunities for people to develop pro-environmental attitudes toward the environment,
helping to increase their awareness of environmental issues [13,21].

Reconnecting urban populations with nature and agriculture has also been highlighted in
the dimension of food systems serving cities. With many people already living in metropolitan
areas and many more coming from rural areas, 80% of all food produced is expected to
be consumed in cities by 2050 [22]. However, food supply chains for cities are becoming
increasingly longer, often starting far from cities in order to deliver enough nutritious and safe
food to urban populations [23]. In some cases, urbanization has led to phenomena known as
food deserts and food swamps, which are geographic areas characterized by either limited
access to diverse, fresh or nutritious foods or to an overabundance of high-energy and low-
nutritional density foods, respectively [23]. As a result, some population subgroups are at
higher risk of poor health outcomes, since limited access to nutritious, safe and affordable food
is limited. Many times, paradoxically, malnutrition can manifest in multiple forms, and an
association has been observed between food insecurity and obesity [24–26].

In accordance with the Food and Agriculture Organization framework for the Urban
Food Agenda, urban food policy should focus on addressing food insecurity and building
resilience in urban food systems, for instance, by promoting rural–urban linkages and
leveraging sustainable food production in or near cities [27]. Different strategies have
thus been proposed to shrink the gap between where food is produced and where it
is consumed, namely urban agriculture and in-city farming, with benefits in different
domains, such as promoting local supply chains, improving wellbeing and access to food
and hence food security, as well as other positive impacts for biodiversity and climate
resilience [28]. Moreover, urban gardening can have multiple positive outcomes, including
physical, psychological and social benefits, which have been often described as being
beneficial for human health in urban areas [11,12].

Nevertheless, urban gardens also have environmental risks which can harm human
health. Soil contamination by potentially toxic elements (e.g., Pb, Cd, Cr, Ni, Zn) is
one of the main concerns since these often accumulate in urban soils, due to long-term
deposition from vehicle traffic, industrial emissions, and multiple other sources. Human
exposure (with several possible transmission pathways) to these soil contaminants can
occur through ingestion of home-grown produce, inhalation of resuspended soil particles,
or direct contact with soil during gardening. Several studies have found PTE concentrations
in urban garden soils often at toxic levels, posing potential risks for human health, namely
for more vulnerable groups [29]. To address this issue, we evaluated soil fertility and PTE
contamination in kitchen gardens (also designated as community gardens or allotment
gardens) across urban Lisbon, Portugal, using rural kitchen gardens as a baseline for
comparison. Our study addresses a critical knowledge gap regarding PTE contamination in
Lisbon’s urban kitchen gardens. It contributes to clarifying the extent of PTE enrichment in
these soils and associated exposure risks for local gardeners, providing evidence to inform
public health guidelines, urban food policies, and environmental planning decisions for
safer and more sustainable urban gardening.
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2. Materials and Methods

2.1. Characterization of Study Area and Sampling Sites

The Lisbon Metropolitan Area is one of the most dynamic and urbanized regions in
Portugal. The northern zone includes nine municipalities located north of Lisbon and the
Tagus River. These municipalities combine urban and suburban areas with high population
density, heavy traffic and industrial centers.

The climate is mild Mediterranean, classified as Csb/Csa under the Köppen sys-
tem [30], is characterized by warm–hot and dry summers, while winters are mild and rainy.
The proximity of the Atlantic Ocean attenuates the temperatures, particularly in coastal ar-
eas. The average annual rainfall is between 600 and 1000 mm, particularly between October
and January (climatological normal for the Lisbon station, 1981–2010 and 1991–2020; [30]).
The average annual temperature ranges from 11 to 24 ◦C (climatological normal for the
Lisbon station, 1981–2010 and 1991–2020; [30]).

A total of 20 kitchen gardens were selected for the study: 15 in the northern zone of the
Lisbon Metropolitan Area (N-LMA) and five in the adjacent rural zone, which served as a control
group. The sampling areas were selected based on the presence of crops intended for human
consumption, high levels of automotive traffic, and proximity (or not) to other urban sources of
contamination. A homogeneous distribution was also ensured across the study area (Figure 1).
In general, most of the urban kitchen gardens have a total area of 0.3 ha, divided into small plots
between 10 and 20 m2. They are surrounded by households and intensive traffic flow.

Figure 1. Location of soil sampling points in the urban kitchen gardens (red points; UB1–UB15) and
rural kitchen gardens (blue points; RU1–RU5).

The soils studied have a strong anthropic influence, with intensive agricultural use
and continuous irrigation. The most representative crops vary, including lettuce, various
varieties of tomato, beans, pumpkins or cabbages. The soils from urban kitchen gardens
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can be classified as Anthrosols or Technosols [31], depending on the origin of parent
materials and amounts of artefacts, while soils from rural kitchen gardens are classified as
Anthrosols [31].

2.2. Soil Sampling and Physico-Chemical Analysis

Soil sampling was carried out between spring and the beginning of summer in 2023.
In each sampling area, a composite soil sample was collected until 20 cm of depth using
plastic tools and then stored in labelled polyethylene bags. The composite soil sample was
obtained by combining several trial points (total ≈ 3 kg) collected across the sampling area,
to obtain a representative sample.

The soil samples were homogenized, and sieved at 2 mm. In a part of each sample, we
determined the moisture content while the remaining sample was air-dried for subsequent
physicochemical analysis. Standard methods for characterizing soil (dry fraction < 2 mm)
were used: % fine and coarse fraction, pH and electrical conductivity in water (1:2.5 m/V),
pH in KCl (1:2.5 m/V) [32], total N [33], total organic C [34], labile C by pyrophosphate
extraction method [35], extractable P [36]; concentration of non-acid exchangeable cations
extracted with NH4Cl 1M [37] and determined by Flame Atomic Absorption Spectroscopy
(Thermo Scientific iCE™ 3300; Thermo Fisher Scientific, Waltham, MA, USA). Effective
cation exchange capacity (CEC) was determined by summing the non-acid cations [38].

The multi-element concentration of the soil was determined for the following fractions:
total (X-ray fluorescence spectrometry), pseudo-total and available. The element concentra-
tion in the pseudo-total fraction was determined in an international certified laboratory
using the aqua regia method [39] and represents the amounts of elements associated with
all soil phases except those associated with phyllosilicates. The available fraction was
obtained as simulated leachates [40] and corresponds to the amounts of elements that can
be taken up by plants and spread by the medium. The soil solutions from available fraction
were analyzed by ICP-OES (Thermo Scientific iCAP 7000 series).

2.3. Evaluation of Environmental Risk and Contamination Level

Several indexes were calculated to evaluate the degree of soil contamination and the
ecological risk to humans and the environment, based on the content of PTEs obtained.

The contamination factor (CF) is calculated as the ratio between the concentration
of an element in the soil and its corresponding reference concentration (as shown in
Equation (1)) [41–43]. As reference values, we considered the maximum limits proposed by
Portuguese legislation for shallow soils and agricultural use [44].

CF = [PTE soil]/[PTE reference] (1)

The soils are classified according to contamination levels as low contamination
(CF < 1); moderate contamination (1 < CF < 3); considerable contamination (3 < CF < 6)
and very high contamination (CF > 6) [42].

The degree of contamination (CD) considers the sum of the different contamination
factors obtained for the PTE of a soil, described by Equation (2).

CD = ∑ i
nCF (2)

The soils are classified as having a low degree of contamination (CD < 8); moderate de-
gree of contamination (8 ≤ CD < 16), considerable degree of contamination (16 ≤ CD < 32),
or very high degree of contamination (CD ≥ 32) [42].
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The modified contamination factor (mCF) or degree of contamination, reported by
Abrahim and Parker [45], Machender et al. [46] and Rahman et al. [47], includes the
normalization of the degree of contamination by introducing the total number of PTEs
considered into Equation (3).

mCF = ∑ i
nCF/n (3)

This index classifies the quality of the soils as null to very low degree of contamination
(mCF < 1.5); low (1.5 < mCF < 2); moderate (2 < mCF < 4); high (4 < mCF < 8); very high
(8 < mCF < 16); extremely high (16 < mCF < 32); ultra-high (mCF > 32).

The pollution load index (PLI) measures the overall degree of contamination in an
area or zone using Equation (4), determining areas with multi-element contamination with
PLI > 1 [41,48].

PLI = n
√

CF1 × CF2 . . . .CFn (4)

The ecological risk factor (ER) and the global potential ecological risk (GER), proposed
by Hakanson [42], allow the evaluation of the possible ecological risk through the combina-
tion of the toxicity and concentration of each PTE, as well as the risk of a multi-element
system. These indexes are calculated by multiplying the toxic response (Tr) of each element
by its contamination factor according to Equations (5) and (6).

ER = TR × CF (5)

GER = ∑ i
nER (6)

The TR values for Zn, Cr, Cu, As, Cd, Hg, Ni, Co, Mo, Pb and Sb were 1, 2, 5, 10, 30, 40,
5, 5, 18, 5 and 13, respectively [42,49,50]. The risk classes were established by Hakanson [42]
and Al-Dahar [51].

2.4. Statistical Analysis

Data from the studied soils were analyzed to evaluate the differences in soil char-
acteristics between Groups 1 (urban kitchen gardens) and 2 (rural kitchen gardens). A
non-parametric approach was adopted due to the small size of Group 2 and the significant
differences between the groups, which could lead to deviations from the normality. For
each parameter, the Mann–Whitney U test (equivalent to the Wilcoxon rank-sum test) was
performed to compare the distributions between the two independent groups. This test
does not assume normal distribution and is appropriate for ordinal or continuous data that
do not meet parametric assumptions. The analysis was performed using the dplyr, readxl,
and stats packages on R software version 4.4.3.

The Spearman correlation test was used to correlate the soil characteristics (r > 0.7;
p < 0.01 and p < 0.05). Quality control of the analyses was performed using analytical
replicates, certified standard solutions, reference materials (OREAS 45d, 922, 907, 263,
130, 521, 620, 610, 609b), blanks and laboratory standards (Actlabs and Laboratório de
Pedologia, Instituto Superior de Agronomia—Universidade de Lisboa).

3. Results and Discussion

3.1. Soil Fertility and Multi-Elemental Content

The soils from urban kitchen gardens presented a dominance of the fine fraction
and a neutral reaction condition (actual and potential, determined by pH in water and
KCl, respectively) with low values of electrical conductivity (Table 1), being considered as
non-saline soils. With respect to C forms, the inorganic C forms represented 47 ± 15% of the
total C amount, indicating the presence of considerable carbonate forms that can maintain
the current pH conditions. In the organic fraction, organic C contents are considered as
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high [52,53], although the more easily degraded labile forms represent on average 46%
(determined by labile C/organic C ratio). This fact is consistent with the low C/N values
calculated (8.11 ± 2.09). These conditions, which have a high level of labile C forms and
low C/N ratios, contribute to the quick degradation of organic matter and availability
of nutrients to the soil–plant system. However, there is usually also a significant loss of
N [53]. In fact, total N contents were correlated with organic C (r = 0.96) but the values
were low rounding 2.0 g/kg (Table 1). Soils collected in urban and green areas from Lisbon
also presented values of pH, electrical conductivity and total N in same range [54,55].
However, according to the same authors, the organic matter concentration varied with
urban soils [54,55]. The high concentrations of organic matter obtained in some of these
soils can be attributed to the lack of soil mobilization in gardens and parks, as well as the
varying depths at which soil is collected. In fact, more organic matter accumulates in the
top few centimetres of soil, and no-till farming can minimize its degradation.

Table 1. Main physicochemical characteristics and nutritional parameters of soils from kitchen gardens
in urban and rural areas of the northern Lisbon metropolitan area (mean ± standard deviation; median).
Values indicated with asterisk show significant differences between groups at p < 0.05.

Parameters Unit Urban Kitchen Garden (n = 15) Rural Kitchen Garden (n = 5)

Coarse fraction % 20.783 ± 9.863
22.598

23.547 ± 11.043
18.017

Fine fraction % 79.217 ± 9.863
77.402

76.453 ± 11.043
81.983

Humidity % 11.469 ± 10.329
8.255

22.424 ± 20.335
21.702

pH (H2O) - 7.728 ± 0.406
7.770

7.504 ± 0.425
7.750

pH (KCl) - 7.109 ± 0.324 *
7.240

6.700 ± 0.370 *
6.690

EC 1 μS/cm 482.347 ± 264.457
391.000

589.500 ± 412.829
497.100

Total C g/kg 34.095 ± 19.937
28.230

47.314 ± 42.054
32.270

Organic C g/kg 18.237 ± 13.937
16.853

30.580 ± 33.325
12.781

Labile C g/kg 6.175 ± 1.864
5.824

8.927 ± 6.958
6.307

Total N g/kg 2.110 ± 1.079
2.012

3.049 ± 1.762
2.024

Total S g/kg <2.500 <2.500

Total P g/kg 1.065 ± 0.490 *
0.970

1.792 ± 0.974 *
1.430

Available P mg/kg 166.794 ± 224.455
90.335

204.550 ± 180.629
267.210

CEC 2 cmolc/kg 44.699 ± 18.904
46.717

65.345 ± 58.749
36.013

Exchange Ca cmolc/kg 39.327 ± 15.842
42.523

58.234 ± 56.338
28.816

Exchange Mg cmolc/kg 3.222 ± 3.792
1.565

4.973 ± 2.827
3.925
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Table 1. Cont.

Parameters Unit Urban Kitchen Garden (n = 15) Rural Kitchen Garden (n = 5)

Exchange Na cmolc/kg 1.292 ± 0.728
1.405

0.904 ± 0.742
0.464

Exchange K cmolc/kg 0.859 ± 0.420
0.760

1.234 ± 0.834
1.053

1 Electrical conductivity; 2 effective cation exchange capacity.

The available P represents between 10 and 20% of total P in the urban soils, with very
high contents in almost all samples, except for UB3 and UB10, which presented 8.69 and
10.52 mg/kg, respectively. Although the available P contents are considered as high, they
showed a higher variability, reaching values of up to 897 mg/kg in UB12. No relation
was obtained between organic matter and available P so, this variability can be associated
with source materials of the soils and fertilization application. The presence of high levels
of available P can contribute to fertility problems associated with the formation of stable
solid phases with micronutrients such as Fe, Mn, or Zn [56–59], thereby reducing the
concentration of these elements to the plants.

The cation exchange capacity is considered an indirect indicator of fertility. The CEC
was high [52] in the soils from urban kitchen gardens (Table 1), with the exchange complex
dominated by Ca (88% of the total CEC). Soils collected in urban and green areas from
Lisbon also presented values of CEC in the same range [55]. The simultaneous presence
of high concentration of exchangeable Ca and inorganic C can suggest the application of
liming amendments based on Ca-carbonates to the soils, which is a common corrective
of the pH in the agriculture sector. These conditions of Ca saturation in exchangeable
complexes led to limitations in Mg uptake by the plants, with an imbalance in the Ca/Mg
ratio [53].

On the other hand, although the fine fraction dominates in the soils from rural kitchen
gardens (Table 1), the coarse fraction tends to increase compared to urban garden soils,
varying between 12% and 35% of total. The soils from rural kitchen gardens showed
a neutral current and potential reaction under low-to-medium conductivity conditions,
indicating that they are non-saline soils [52,53]. Nevertheless, the pH values of KCl in rural
garden soils were more acid, indicating significant differences compared to urban garden
soils (p < 0.05). This greater difference between the actual and potential reaction (pH in
water and KCl) indicates the dominance of negative charges in the soils associated with
organic matter, which in this group of rural garden soils had higher average contents than
in urban gardens soils (Table 1).

Concentration of inorganic C forms in rural garden soils represented a smaller pro-
portion of the total (~35%). The labile C/Organic C ratio also showed a high presence
of easily degradable forms of organic matter, which tend to quicky decomposition and
mineralization. These results also agree with low C/N ratios (<10). In the studied area,
the organic amendments used are manure and commercial compost in rural areas, and
commercial compost or compost made from kitchen waste in situ in urban areas. All these
amendments have a rapid decomposition rate. Although this type of organic amendment
provides immediate benefits to the soil–plant system by quickly supplying nutrients from
the exchange complex of organic matter and the organic matter itself after its decompo-
sition, the amount of organic matter is small over the medium term, requiring frequent
application [60,61].

The total P in soils from rural kitchen gardens showed contents significantly higher
compared to those in urban areas, although this difference was not obtained in the available
fraction (Table 1). The available P results showed a high variability (Table 1), possibly
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associated with chemical fertilization. Values ranged from around 13 mg/kg for RU1–RU2
to 267–398 mg/kg for RU3–RU6.

Similarly to urban kitchen soils, the CEC of the soils studied in rural areas was
high [52], with mean values of 65.34 cmolc/kg and a predominance of Ca in the exchange
complex (Table 1). Although high, the Ca/Mg ratios presented values lower than 10 for
samples RU3 to RU5, implying that the soils may have deficiencies in Mg availability [53].

The usual soil risk assessment is based on comparing the pseudo-total concentrations
of elements with the maximum values permitted by soil legislation. The concentrations
of the 18 elements considered in Portuguese soil legislation [44] are presented in Table 2,
grouped by soil from urban or rural kitchen gardens. These element concentrations were
compared to the maximum allowed values (MAVs) established in this legislation for
agriculture use. Furthermore, the contents of some representative elements (Cr, Ni, Cu, Zn,
Mo, Cd, Pb and B) were determined by total, pseudo-total and available fractions. This
allowed the associated risk of these elements to be assessed for each group and location
(Figure 2).

Table 2. Metal and metalloid concentrations in the pseudo-total fraction of soils from kitchen gardens
in urban and rural areas of the northern Lisbon metropolitan area (mean (minimum and maximum)).
Values indicated with asterisk show significant differences between groups at p < 0.05 (*) and p < 0.01 (**).

Element Unit Urban Kitchen Garden (n = 15) Rural Kitchen Garden (n = 5) MAV [44]

Be

mg/kg

0.820 (0.400–1.500) ** 1.560 (0.900–1.900) ** 2.500
B 9.300 (4.000–16.00) 14.40 (9.000–23.00) 36.00
V 58.90 (11.00–219.0) 110.8 (21.00–284.0) 86.00
Cr 53.20 (10.00–194.0) 67.80 (20.00–228.0) 67.00
Co 15.88 (2.100–63.90) 26.96 (5.500–75.80) 19.00
Ni 42.33 (5.500–191.0) 49.30 (16.40–149.0) 37.00
Cu 35.34 (11.10–92.10) * 58.82 (27.90–75.00) * 62.00
Zn 117.9 (44.00–348.0) 131.4 (77.40–237.0) 290.0
As 5.640 (1.500–11.10) 6.080 (1.900–13.20) 11.00
Mo 0.606 (0.230–1.370) 0.786 (0.230–2.050) 2.000
Ag 0.192 (0.037–1.100) 0.073 (0.049–0.120) 0.500
Sb 0.550 (0.160–1.280) 0.426 (0.130–0.880) 1.000
Cd 0.168 (0.070–0.270) 0.166 (0.100–0.340) 1.000
Se 0.470 (0.300–0.700) 0.500 (0.300–0.700) 1.200
Ta <0.050 <0.050 1.000
Pb 29.13 (7.800–66.20) 26.3 (7.800–55.90) 45.00
U 0.890 (0.500–1.700) 0.920 (0.700–1.300) 1.900

Hg μg/kg 73.00 (20.00–190.0) 70.00 (30.00–100.0) 160.0

The comparative evaluation of the pseudo-total content of the two soil groups showed
significant differences only in the concentrations of Be and Cu, which reached the highest
values in soils from rural kitchen gardens (Table 2). The contents of Be in all soils were
low and below the MAV [44], while Cu contents in samples UB12, RU3, RU4, and RU5
exceeded MAV (Table 2; Figure 2).

Although the pseudo-total concentrations of other metals and metalloids in soils
from the two established groups (urban or rural) were similar, the contents showed high
heterogeneity, exceeding the MAV in some samples (46% of UB and 60% of RU) for V, Cr,
Co, Ni, As, Mo, Ag, Sb, Pb and Hg (Table 2).
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 2. Distribution of total (red), pseudo-total (green) and available (blue) contents of (a) Cr;
(b) Ni; (c) Cu, (d) Zn; (e) Mo; (f) Cd; (g) Pb and (h) B of soils collected from kitchen gardens in urban
and rural areas of the northern Lisbon metropolitan area. The data are presented on a logarithmic
scale. The black dashed line represents the value of Portuguese soil legislation for each element [44].
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The pseudo-total content of V was high in some samples (UB7, UB12, RU1 and RU3),
with values corresponding to double or triple those of the MAV [44]. However, these
values were still within the range observed for different soils [62] suggesting that the
concentrations in these samples can be associated with the local lithology. The presence of
Sb above the MAV was only observed in urban kitchen garden soils (Table 2), especially in
UB6 and UB15 samples. However, these values are within the ranges for basic rocks and
below the phytotoxic limit [62]. The pseudo-total contents of Co exceeded MAV [44] in
some samples (UB3, UB7, UB12, RU1 and RU3) with maximum values of 75.80 mg/kg in
rural kitchen gardens (Table 2). The pseudo-total contents of As exceeded the MAV in the
UB3 and RU4 samples, while the UB11 sample exceeded the MAV for Ag. However, Ag
content of 2 mg/kg is considered the phytotoxic threshold [62].

The contents of Cr in the pseudo-total fraction exceeded the MAV by 2–3 times for
samples UB7, UB12 and RU3, while the available fraction was less than 0.1 mg/kg in all
samples (Figure 2). Although the soil availability of Cr is low, pH conditions would favor
species associated with forms of Cr (VI), which are more soluble and toxic [63].

The pseudo-total content of Ni only exceeded the MAV in the sample UB7, which had
a high concentration of 191 mg/kg (Figure 2). This is five times higher than the MAV and
twice the average content of the lithosphere [63]. Nonetheless, phytotoxic concentrations
for most plants and crops have been reported in the range of 40 to 260 mg/kg [62]. The
available fraction of Ni in this soil sample (UB7) was low (0.01 mg/kg), similar to that in
the other soils evaluated (Figure 2).

Elevated Pb concentrations in the pseudo-total fraction, greater than the MAV of
45 mg/kg, were identified in samples UB5, UB6 and RU4 (Figure 2). However, the avail-
ability of these elements is low, posing no direct risk. Sample UB5 also presented elevated
pseudo-total contents of Hg.

The pseudo-total contents of B and Cd were below the MAV in all soils, indicating
no risk (Table 2; Figure 2). The availability of B was low (Figure 2) corresponding to a
mean value of 6.6% of pseudo-total concentrations in soils from urban kitchen gardens and
4.1% in rural gardens. B is considered the most mobile element of micronutrients but its
availability in the studied soil is within normal ranges [62]. For Cd, its available fraction
is lower than 0.01 mg/kg, representing between 0.9 and 5% of its pseudo-total fraction
(Figure 2).

The results obtained in this study for the pseudo-total fraction, when compared to
those obtained by Leitao et al. [64] for urban kitchen garden soils in Lisbon, showed similar
contents of Be, Mo, Pb and Sb, higher concentrations for As, V, Cr, Cu, Ni and Zn, and the
presence of additional elements such as Hg, Cd and Ag, which can pose some risk due to
exceeding MAV at some sampling points. On the other hand, in soils collected in urban
gardens or parks from Lisbon [54], pseudo-total concentrations of Cd were higher while Pb
amount was much lower. Most of these soil samples presented concentrations of Cr and Ni
in the same range [54]. Another study carried out in Lisbon’s urban and green areas also
found pseudo-total concentrations of several elements within the same range [55].

Strong positive correlations were found between some of the studied metals and
metalloids (p < 0.01), as well as strong negative correlations of Se with V (for both groups)
and Se with Co for urban areas (Figure 3). The relationship between these elements, as well
as the significant concentrations that exceed MAV, may be due to a variety of reasons. In
some cases, the geological materials present in each location may exert an influence, as is
typical of volcanic rocks [54,55,64,65]. According to field observations, different remains
of geological and edaphic materials from other locations (resulting from their extraction
in civil work) and artefacts (e.g., building material) are used in the preparation of some
kitchen gardens, being mixed with local soil. Also, the use of some organic fertilizers or
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manures, many of them prepared from composted sewage sludge, can increase the level
of elements in soils. All these types of sources of PTEs in soils from kitchen gardens have
been reported by different authors (Bidar et al. [66] and references inside). Traffic and
the industrial sector can also contribute to the enrichment of certain elements in urban
soils [54,55].

(a)

(b)

Figure 3. Spearman correlation matrix for studied metals and metalloids considering the soils col-
lected from kitchen gardens in urban (a) and rural (b) areas of the northern Lisbon metropolitan area.

The distribution of the elements by different solid phases (total, pseudo-total and
available) showed the existence of a variable amount associated with phyllosilicate structure
(difference between total and pseudo-total concentrations) (Figure 2). These concentrations
depended on elements. The evaluation of total and pseudo-total concentrations of PTE
does not represent a real environmental or human risk, since only a small amount of
the elements are in the available fraction, which is associated with soil solution and/or
exchangeable positions associated with inorganic and organic colloids [62,67]. In general,
the availability of studied elements in the soils was small, representing a small percentage
of total/pseudo-total amounts. No clear relationship was obtained between available
concentrations and pseudo-total and total fractions.
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3.2. Pollution and Ecological Indexes

The indices established for determining the degree of contamination and ecological and
environmental risks for different soils collected from kitchen gardens in urban and rural areas
of the northern Lisbon metropolitan area were evaluated (Tables 3, S1 and S2).

Table 3. Results of the different indices for evaluation of environmental risk and contamination level
(contamination degree indices: CD and mCD; contaminant load index: PLI and PLI zone; and the
global ecological risk: GER) of the soils from kitchen gardens in urban and rural areas of the northern
Lisbon metropolitan area.

CD (n = 18) mCD (n = 18) PLI PLI Zone GER (n = 11)

UB1 5.34 0.30 0.15 23.23
UB2 6.42 0.36 0.19 30.61
UB3 8.31 0.46 0.23 44.47
UB4 7.39 0.41 0.24 44.15
UB5 7.02 0.39 0.23 38.03
UB6 8.19 0.46 0.26 46.66
UB7 16.60 0.92 0.27 67.25
UB8 3.68 0.20 0.12 26.65
UB9 4.54 0.25 0.15 27.36

UB10 5.09 0.28 0.17 20.06
UB11 7.72 0.43 0.22 28.00
UB12 18.35 1.02 0.40 24.24
UB13 6.62 0.37 0.20 35.09
UB14 6.29 0.35 0.20 77.24
UB15 7.64 0.42 0.22 80.01

Urban kitchen garden (n = 15) 0.21
RU1 7.87 0.44 0.19 49.94
RU2 6.75 0.38 0.20 51.23
RU3 20.07 1.12 0.33 29.90
RU4 10.01 0.56 0.31 34.89
RU5 8.66 0.48 0.28 44.37

Rural kitchen garden (n = 5) 0.26

The contamination factors (CFs) for each of the 18 PTEs included in the Portuguese
soil legislation (Table S1) showed that only some soils in both groups exhibited moderate
to considerable contamination for certain elements. Similar results were reported by
Silva et al. [54] for some urban soils from parks and gardens. However, other urban soils
were found to be highly contaminated with Cr, Ni and Pb [54].

The degree of contamination index obtained by combining these factor values (CD)
varied between 3.68 and 20.07 (Table 3). The degree of contamination, as defined by
Hakanson [42], enabled the identification of considerable contamination in samples UB7,
UB12 and RU3, and moderate contamination in samples UB3, UB6, RU4 and RU5. This
is primarily due to high levels of Ni, Co, Cr and V (Tables 2 and S1). The same degree of
contamination was identified in park soils in Lisbon (moderate and considerable), but only
four PTEs were considered: Cd, Cr, Ni and Pb [54].

On the other hand, determining the modified contamination level index (mCD) with
18 elements analyzed and standardized, the level of contamination in all the soils from
kitchen gardens was mild to very mild (Table 3). These results were consistent with
those obtained from the contamination load index (PLI), which provides a global as-
sessment of multi-element contamination. The PLI values for studied soils, indepen-
dently of the group (urban or rural soils), was less than 1, indicating the inexistence of
multi-element contamination.
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At the level of ecological risk associated with each element, only moderate risks were
obtained for Ni in the samples UB7 and RU3 (Table S2). Overall, none of the soils from
urban or rural kitchen gardens showed a global level the ecological risk (GER) (Table 3).
These results did not align with those obtained for park soils in Lisbon (e.g., ER for Cd and
GER for certain park and garden areas) [54].

4. Conclusions

The general quality of soils in kitchen gardens in urban and rural areas of the northern
Lisbon metropolitan area is limited in terms of fertility due to neutral reaction conditions,
dominated by carbonate buffering, as well as unstable organic matter, favoring rapid
decomposition and mineralization and loss of nutrients especially N. The availability of
carbonate forms, together with the high content of available P, can limit the availability
of some essential micronutrients for vegetative growth. Similarly, the cation exchange
capacity, despite having high or adequate values, is dominated by Ca under conditions
of Ca/Mg ratios that can limit crop growth. Thus, improving soil fertility and crop yield
requires a change in soil management.

Although the pseudo-total concentrations of some elements (e.g., Cr, Ni, Cu) exceeded
the maximum allowed values for agriculture use under Portuguese soil legislation, the
results indicated no environmental or human risk, since the availability of the elements
in simulated leachates was low. The different indices calculated (contamination indices
and associated with ecological risk) also agree with this. No clear source of enrichment
or elevated pseudo-total concentrations was identified in relation to the location of the
kitchen gardens. However, periodic monitoring of multi-element concentrations, especially
in the available fraction, is recommended to ensure environmental and human health
along the time.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/toxics13080697/s1: Table S1: Contamination factor (CF) calcu-
lated for the soils collected from kitchen gardens in urban and rural areas of the northern Lisbon
metropolitan area; Table S2: Ecological risk factors (ER), calculated for each sampling point.
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