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Abstract

Areas where mining activities overlap with agricultural production may promote the mobi-
lization of potentially toxic elements (PTEs) into soils and water resources, thereby creating
exposure pathways for populations living or working in these environments. This study
analyzes the concentration of PTEs in agricultural soils and irrigation water from Santa
Rosa, southern Ecuador, and assesses the associated health risks for exposed agricultural
workers. For this purpose, 35 soil samples were collected from farms and 12 water samples
from the irrigation canal during the dry season of 2025. The concentration of PTEs in soil
and water was determined using X-ray fluorescence (XRF) and inductively coupled plasma
mass spectrometry (ICP-MS), respectively. The PTE concentration in both matrices was
compared with the maximum permissible limits (MPL) established by Ecuadorian regula-
tions. Non-carcinogenic hazard indices (HI) and carcinogenic risk (TCR) were estimated
following the U.S. EPA methodology. In soil, As and Cr were the PTEs of greatest concern,
exceeding the MPL in 93% of the samples and by up to 4.4 and 2.4 times, respectively, while
in water, all PTEs were below the MPL. Non-carcinogenic risk was below the recommended
limit for soil and water (HI,; = 3.00 X 102 and HIyater =2.00 X 10’3), with As as the
dominant contributor. Cancer risk was tolerable in soil (TCRyy; = 4.34 x 107°), while in

water it remained at a low level (TCRyater = 1.65 x 107). These findings identify As and

W) Check for updates Cr as priority contaminants and support targeted monitoring and source-control measures
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1. Introduction

Agricultural areas influenced by metallic mining represent complex environmental
settings where the mobilization of potentially toxic elements (PTEs) from mineralized zones
and mining wastes can degrade soil and water quality. This process facilitates the transfer
of contaminants into agricultural systems, increasing potential exposure pathways for
populations living and working in these environments [1-3].

At a global scale, the accumulation of PTEs in agricultural soils has been widely
reported in regions where mining districts overlap with productive land use. Studies
conducted in countries such as China, South Africa, and several regions of Latin America
have documented elevated concentrations of arsenic (As), cadmium (Cd), chromium (Cr),
and lead (Pb) in soils and river sediments affected by mining activities, with consequent
risks to crop safety and human health [4-10].

The toxicological properties of these PTEs are particularly relevant for agricultural
workers, who may experience prolonged and repeated contact with contaminated soil and
irrigation water, often without adequate protective measures. PTEs such as As are linked
to skin lesions, neuropathies, and increased risks of skin, lung, and bladder cancers [11,12].
Cr(VI) is also recognized as a carcinogenic compound, while Cd and Pb are associated
with renal dysfunction and neurotoxic effects, respectively, even at relatively low exposure
levels [13,14]. These toxicological statements refer to general exposure to PTEs in contami-
nated environmental media and are commonly based on total concentrations reported in
environmental studies [15,16].

In Ecuador, mining activity is concentrated along the southern Andean region, par-
ticularly in the provinces of El Oro, Azuay, Loja, and Zamora Chinchipe, where artisanal
and small-scale gold mining (ASGM) has been historically developed and remains an
important economic activity. Previous studies conducted in mining districts such as Ponce
Enriquez and Santa Rosa have reported elevated concentrations of PTEs in soils, river sedi-
ments, and water bodies, frequently exceeding national and international environmental
quality standards [2,17]. In Santa Rosa, mining activity is characterized by approximately
85 registered mining concessions covering around 300 km? [18], reflecting a high density of
artisanal and small-scale mining activity, although many concessions remain in exploration
or early development stages. More recently, investigations in mining-impacted water-
sheds of Santa Rosa have reported substantial metal(loid) enrichment in surface waters,
highlighting the persistence of mining-derived contamination and its potential adverse
effects on downstream aquatic ecosystems [19]. Within this regional context, the Santa
Rosa canton (El Oro province) represents a particularly sensitive mining-agricultural inter-
face, where agricultural activities coexist in close spatial proximity to mining operations
and agricultural production depends heavily on irrigation systems that may be affected
by upstream mining-derived contaminants. This evidence highlights the environmental
pressure exerted by mining activities on agricultural landscapes and underscores the need
for integrated assessments of contamination and risk, particularly those focused on soil
and irrigation water quality in mining-influenced agricultural areas.

Despite growing evidence of environmental contamination in Santa Rosa, southern
Ecuador, previous studies in Ecuadorian mining districts have primarily focused on the
characterization of PTE concentrations in individual environmental compartments, particu-
larly soils, river sediments, or surface waters. However, these studies have not integrated
soils and irrigation water data within a unified framework to assess human health risks.
Quantitative risk assessments addressing occupational exposure of agricultural workers
in mining-impacted areas of southern Ecuador remain scarce. Therefore, this study ad-
dresses this gap by (i) determining the concentrations of PTEs in agricultural soils and
irrigation water in a mining-influenced agricultural area of Santa Rosa, (ii) evaluating
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contamination levels by comparing measured concentrations with Ecuadorian regulatory
limits, and (iii) estimating non-carcinogenic and carcinogenic risks for adult agricultural
workers through dermal exposure pathways using the U.S. EPA methodology. Dermal
exposure was prioritized because it represents the most direct and continuous exposure
route for agricultural workers in contact with contaminated soil and irrigation water during
routine farming activities.

The results provide a comprehensive baseline for understanding environmental con-
tamination and associated human health risks in a mining-impacted agricultural system,
contributing to improved environmental monitoring through the control of priority pollu-
tants in soils and irrigation water, risk management, and the development of preventive
strategies in a region where mining and agriculture coexist.

2. Materials and Methods
2.1. Study Area

Santa Rosa canton is located in El Oro province, in the southern coastal region of
Ecuador. It has an approximate population of 80,000 inhabitants [20], and covers a terri-
torial area of 944.41 km?. The climate is classified as humid tropical, with temperatures
ranging from 18 °C to 26 °C and annual precipitation between 500 and 1000 mm, mainly
concentrated from December to May [21]. Santa Rosa is situated on the Paleozoic Tahuin
Group, composed of schists, phyllites, and gneisses, overlain by Quaternary alluvial and
colluvial deposits of gravel, sand, and clay (Figure S1) [22-24].

Gold-mining activities in Santa Rosa began in 1985 and have continued uninterrupt-
edly for nearly four decades, with operations concentrated in the upper part of the Santa
Rosa River basin, near the El Panteon and Los Gringos tributaries. The mineralization
corresponds to an epithermal gold-copper system, in which gold is hosted in hydrothermal
breccias and quartz-arsenopyrite veins, with a mineral assemblage that includes pyrite,
arsenopyrite, chalcopyrite, and native gold [25]. The release of PTEs into the environment
is primarily associated with the oxidation of sulfide minerals, which generates acid mine
drainage and mobilizes elements such as As, Cu, and Fe into soils and drainage systems,
a process exacerbated by mining environmental liabilities and illegal mining operations
identified in the area [19,26].

The study area consists of three cacao cultivation areas (CCN51 variety), covering
approximately seven hectares (Figure 1). During the dry season, irrigation water is obtained
from a canal supplied by the Santa Rosa River. In the rainy season, irrigation depends
exclusively on precipitation.

2.2. Sample Collection

Soil sampling was conducted in June 2025 during the dry season. A total of 35 individual
agricultural soil samples were collected and subsequently combined into 14 composite samples
(SAG-01 to SAG-14), each representing two or three neighboring sampling points. In addition,
12 irrigation water samples were collected from the irrigation canal (WC-01 to WC-12).

For soil collection, sampling points were distributed within each previously delim-
ited agricultural area considering site-specific characteristics, including terrain slope and
proximity to water bodies [27]. At each sampling location, the surface litter layer and the
upper 10 cm of soil were removed prior to sampling, and soil samples were collected from
the 10-30 cm depth interval. This approach was adopted to minimize the influence of
leaf litter and harvest residues, which are abundant in cacao plantations and continuously
accumulate on the soil surface, potentially introducing variability that does not reflect the
geochemical characteristics of the underlying soil. Approximately 1 kg of material was
collected from each sampling point. The samples were dried under controlled temperature
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conditions (<30 °C) in a oven (CARBOLITE AX60, Carbolite Gero Ltd., Hope Valley, UK)
and manually disaggregated. Following the methodology of ASTM International (2024),
the disaggregated material was quartered to prepare the 14 composite samples to ensure
representativeness, reduce soil spatial variability, and optimize the analytical process [28].
Each composite sample was sieved through a No. 20 mesh. Finally, the samples were
quartered again to obtain approximately 50 g for analysis.

Water sampling in the irrigation canal was conducted in June and October 2025 during
the dry season. Six samples of 500 mL were collected in each campaign. Sampling was
restricted to the dry season due to the operational conditions of the irrigation system, as the
opening of canal gates does not follow a fixed schedule, leading to uncertainty regarding
water availability during other periods of the year. The sampling locations were selected
to represent the canal reaches directly influencing the agricultural areas within the study
site. Consequently, the collected samples provide a baseline characterization of water
quality under the prevailing hydrological and operational conditions. The results should
therefore be interpreted as a characterization of conditions at the time of sampling and are
not intended to support seasonal or long-term assessments of water quality. Sampling was
carried out following the protocols outlined in the National Field Manual for the Collection
of Water-Quality Data of the U.S. Geological Survey (2006) [29]. The samples were collected
in high-density polyethylene (HDPE) bottles. For preservation, they were acidified with
concentrated HNOj3 to pH < 2 and refrigerated at 2 °C to 5 °C [30].
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Figure 1. Location map of the study area and soil and water sampling points.

2.3. Physicochemical Parameters and PTE Concentration

In soil samples, pH and electrical conductivity (EC) were determined. pH was mea-
sured in a 1:2.5 soil-distilled water suspension (m:v), while EC was determined in a 1:5 soil-
distilled water suspension (m:v). In water samples, pH, temperature, EC, total dissolved
solids (TDS), and dissolved oxygen (DO) were measured. Physicochemical parameters
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were determined in situ using a calibrated portable multiparameter probe (HACH HQ40D,
Hach Sales and Service Canada LP, London, ON, Canada).

The concentrations of As, Cd, Cu, Cr, Ni, Pb, and Zn in soil samples were determined
by X-ray fluorescence (ZSpec-EMax, ZSpec Inc., East Greenbush, NY, USA). The detection
limits (mg/kg) were as follows: As = 0.2, Cd = 0.05, Cu=0.5,Cr=5,Ni=1, Pb =0.,
and Zn = 0.5. For quality assurance and quality control (QA /QC), the certified reference
material NIST 2709a (San Joaquin Soil) was analyzed to assess method accuracy. Recoveries
for all analyzed PTEs ranged from 92% to 115%. In water samples, the concentrations of
PTEs were determined using ICP-MS (NexION 300D, Perkin Elmer, Waltham, MA, USA), at
the University of Granada, Spain. Detection limits were below 0.0001 mg/L for all analyzed
PTEs, while rates ranged from 90% to 105%. Analytical precision was assessed through
replicate analyses, yielding relative standard deviations below 10% for all PTEs in both soil
and water matrices.

2.4. Assessment of Agricultural Soil and Irrigation Water Quality

The concentrations of PTEs obtained from soil and water samples were compared
with the Maximum Permissible Limits (MPLs) established in Ecuador’s Unified Text
of Secondary Environmental Legislation of the Ministry of Environment (TULSMA)
(Table S1) [31,32]. For soil, the agricultural land-use quality criterion was applied, in
accordance with the productive use of the evaluated farms, and for water, the agricultural
or irrigation-use criterion was applied, considering the function of the sampled canal.
Based on this comparison, the frequency and magnitude of exceedances in each matrix
were determined, providing input for the subsequent human health risk assessment.

2.5. Human Health Risk Assessment

The human health risk assessment focused exclusively on the dermal exposure path-
way, selected based on the occupational exposure scenario identified through field surveys.
In the study area, agricultural activities such as soil preparation, planting, and harvesting
involve frequent and prolonged direct contact with both soil and irrigation water, making
dermal absorption the most relevant exposure route for agricultural workers. The ingestion
and inhalation pathways were not considered in the assessment because they were not
consistent with the occupational exposure conditions observed during field investigations.
Furthermore, inhalation exposure was considered negligible, as the analyzed PTEs are non-
volatile under ambient environmental conditions and the agricultural practices evaluated
do not involve significant dust-generating activities. To characterize the exposed popula-
tion, a census was conducted through field reconnaissance and direct consultation with
potential receptors. A total of 28 active agricultural workers were identified, representing
the entire population engaged in agricultural activities within the study area.

Risk assessment was based on the U.S. EPA methodology for calculating the potential
absorbed dose through dermal contact with soil and water in agricultural settings. The
Average Daily Dermal Dose (ADDgerma)) Was calculated using Equations (1) and (2) for soil
and water, respectively [15,16], integrating both the exposure parameters obtained from
the surveys and the reference values established by the U.S. EPA (Table S2).

Csoil X SA x AF x ABS x EF x ED x EV x CF;
BW x AT

ADDdermal—soil = (1 )

C x SA x Kp x EF x ED x EV x t x CFy
ADDdermal-water — water p BW X AT event (2)

where Cq; is the concentration of PTEs in soil (mg/kg); Cwater is the concentration of PTEs
in water (mg/L); SA is the exposed skin surface area (cm?); AF is the adherence factor
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(mg/cm?-event); ABS is the absorption factor; Kp is the dermal permeability coefficient
(cm/h); EF is the exposure frequency (days/year); ED is the exposure duration (years); EV is
the event frequency (events/day); tevent is the event duration (h/event); BW is the body
weight (kg); AT is the averaging time (days); and CF; and CF; are the conversion factors.

Non-carcinogenic risk was estimated using the hazard quotient (HQ) (Equation (3)),
which relates the Average Daily Dose (ADD) to the Reference Dose established for each
element (RfD, mg/kg-day). This indicator allows determining whether exposure represents
a potential health risk: HQ values < 1 indicate that the estimated dose is within the range
considered safe, whereas values above 1 suggest the possible occurrence of systemic effects
associated with the evaluated contaminant [15].

ADD

HQ = W (3)

For the combined assessment of the risk posed by multiple contaminants, the hazard
index (HI) (Equation (4)) was used. This index is obtained by summing the HQ values
corresponding to each element for the dermal exposure route. The HI allows estimating
the cumulative effect of several contaminants on human health. Under this approach,
HI values < 1 indicate that combined exposure remains within the range considered safe,
whereas values above 1 suggest a potential risk for the evaluated population [16].

HI = i HQ;, 4)
i=1

For carcinogenic risk, the probability of a worker developing cancer over a lifetime (CR)
was estimated according to exposure to each PTE (Equation (5)). This value depends on
the ADD and the slope factor (SF; kg-day/mg), which represents the upper estimate of the
increase in cancer risk associated with exposure to a unit dose of the carcinogenic agent [33].

CR = ADD x SF ()

Subsequently, the obtained values were summed to calculate the Total Carcinogenic
Risk (TCR) (Equation (6)). The following criteria were used for interpretation: when
TCR < 1 x 1079, the risk is negligible; when TCR ranges between 1 x 10 ®and 1 x 107>,
the risk is low; when TCR is between 1 x 107 and 1 x 107%, the risk is tolerable and
requires monitoring; and when TCR > 1 x 107%, the risk is high and requires priority
attention [33].

n
TCR = ) TCR; (6)
i=1

Toxicity values (Table S3), specifically the RfDgermal and SFgermal, were obtained from
the Risk Assessment Information System (RAIS) and are derived from oral reference values
through the gastrointestinal absorption factor (ABSgj) established by the U.S. EPA for each
PTE [16]. Carcinogenic risk was estimated only for As, Cr, and Pb, as these were the only
evaluated PTEs with a reported slope factor in the RAIS database [34]. The slope factor
used for Cr corresponds to Cr(VI). Because only total Cr concentration was determined
in this study, carcinogenic risk was estimated under the conservative assumption that all
measured Cr was present as Cr(VI). This health-protective approach provides an upper-
bound risk estimate and is consistent with commonly adopted practices when chromium
speciation data are unavailable [35].
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2.6. Statistical Analysis

The concentrations of PTEs measured in soil and water were analyzed using descrip-
tive statistics to characterize data variability and provide context for their interpretation
within the study area [36-38]. The associations between physicochemical parameters and
PTE concentration in soil and water were analyzed using Spearman’s correlation coefficient,
considering correlations with p < 0.05 as significant [39,40]. Additionally, principal compo-
nent analysis (PCA) was applied to standardized data to identify the covariance structure
among variables and evaluate possible common contamination sources [41,42]. Elements
with high loadings (lloading| > 0.3) within the same component were interpreted as
indicators of a potential shared origin [43,44].

3. Results and Discussion
3.1. Physicochemical Properties of Soil and Water

Figure 2a,b summarize the behavior of the physicochemical parameters measured in
agricultural soil and irrigation water, respectively. Overall, the results show that the soil
exhibits slightly acidic conditions and low EC, suggesting no salinity-related limitations
but potentially favorable conditions for the mobility of certain pH-sensitive PTEs [45].
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Figure 2. Physicochemical parameters: (a) soil samples; (b) water samples.

In soil, pH ranged from 5.12 to 6.28, indicating slightly to moderately acidic conditions
in all 14 samples. Six samples were below the lower limit of the TULSMA reference range
for agricultural soils (pH 6-8), with SAG-14 showing the lowest pH value. These slightly to
moderately acidic conditions can enhance the mobility and bioavailability of cationic metals
such as Cu, Pb, Zn, and Ni, since low pH reduces their adsorption to the solid phase [45].
In contrast, As, as an oxyanion, does not follow this trend: its mobility is governed mainly
by sorption to Fe/Mn oxides and by redox conditions, so under the mildly acidic, oxic
conditions of the study soils it tends to remain associated with these oxides [46]. On
the other hand, EC ranged from 27.8 to 82.7 uS/cm, well below the permissible limit of
2000 puS/cm, indicating no salinity restrictions for agricultural use.

In water, pH ranged from 7.30 to 8.37, indicating neutral to slightly alkaline conditions
in both sampling campaigns. The June 2025 campaign showed a wider range (7.47-8.37)
than the October 2025 campaign (7.30-7.41). EC ranged from 79.4 to 146.1 puS/cm, with
higher values in October 2025 (138.6-146.1 uS/cm) than in June 2025 (79.4-97.2 uS/cm),
indicating a slight seasonal increase in mineralization. TDS followed the same trend
(43.6-68.2 mg /L), while DO concentrations (7.17-9.12 mg/L) and saturation percentages
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(65.4-111.1%) showed adequate oxygenation conditions in both periods. The slight increase
in EC and TDS between the June and October campaigns suggests temporal variation in
water chemistry, possibly associated with changes in flow rates and solute concentration
during the dry season [47]. This should be monitored through longer-term programs to
establish robust seasonal trends. All physicochemical parameters of the water complied
with the TULSMA criteria for agricultural use.

3.2. Concentration of PTEs in Soil and Water

Table 1 presents the statistical summary of PTE concentration in soil and water sam-
ples. Figure 3 shows the spatial distribution of PTE concentration in soil compared
with the TULSMA MPLs for agricultural use. As ranged from 11.36 to 53.05 mg/kg
(p50: 28.36 mg/kg), exceeding the MPL of 12 mg/kg in 13 of the 14 analyzed samples
(93%). In several samples, the concentration exceeded the standard by a factor of two to
four. Cr showed a similar pattern, with values ranging from 63.72 to 153.40 mg/kg (p50:
98.10 mg/kg) and exceedances of its MPL of 65 mg/kg in 93% of the samples. Cu con-
centrations (31.46-87.81 mg/kg; p50: 64.04 mg/kg) exceeded the MPL of 63 mg/kg in
eight samples (57%). Ni exceeded its threshold of 50 mg/kg in only two samples (14%),
whereas Cd, Pb, and Zn remained below their respective MPLs in 100% of the samples.
To complement this regulatory comparison, contamination factors (CF) were calculated
as the ratio of the median concentration of each PTE to the corresponding world-average
background value for soils reported by Kabata-Pendias [48], and classified according to
Hakanson: CF <1 (low), 1-3 (moderate), 3-6 (considerable), and >6 (very high) [49]. As
showed the highest enrichment (CF = 6.03, very high), followed by Cu (4.57, considerable),
Cr (2.34), Ni (2.17), Cd (1.22), and Zn (1.17), all within the moderate category, while Pb (0.88)
corresponded to a low contamination level.
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Figure 3. PTE concentrations in soil compared with the TULSMA environmental quality criterion.
MPL = maximum permissible limit.
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Table 1. Statistical summary of the concentration of PTEs in soil and water.

Parameter As Cd Co Cu Cr Mn Mo Ni Pb Zn
(mg/kg) (mg/kg) (mgkg) (mgkg) (mgkg) (mgkg) (mgkg) (mgkg (mgkg) (mgkg)
MPL ! 12 2 - 63 65 - - 50 100 200
Minimum 11.36 0.20 - 31.46 63.72 - - 16.59 16.29 62.35
Soil p50 " 2836 050 - 6404 9810 - - 3897 2199 8162
p95 * 46.79 0.81 - 86.30 146.15 - - 57.39 49.34 92.11
Maximum 53.05 0.98 - 87.81 153.40 - - 57.65 79.36 95.35
SD 12.83 0.19 - 17.07 28.68 - - 12.92 16.08 10.96
Parameter As Cd Co Cu Cr Mn Mo Ni Pb Zn
(ug/L) (ug/L) (ng/L) (ug/L) (ug/L) (ng/L) (ng/L) (ug/L) (ug/L) (ug/L)
MPL 2 100 10 50 2000 1000 200 10 200 50 2000
Minimum 3.45 0.10 0.75 6.42 0.46 51.61 - 2.61 0.82 13.16
Water P50 1048 018 0.98 6.91 047  66.16 - 2.81 0.88 1470
p95* 11.05 0.90 3.48 16.21 0.56 183.61 0.22 4.80 1.41 76.08
Maximum 11.11 0.99 3.93 18.36 0.58 196.21 0.25 5.19 1.50 89.86
SD 3.26 0.38 1.32 5.15 0.05 63.16 0.11 1.07 0.29 33.29

1 MPLs (Maximum permissible limit) for contaminants in soil for agricultural use [32]. 2 MPLs for contaminants
in water for agricultural or irrigation use [31]. * p50: 50th percentile/median. * p95: 95th percentile.

From a spatial perspective, As, Cr, and Cu exceedances were widespread across the
study area rather than confined to specific zones, consistent with their high exceedance
frequencies (93%), while Cu exceedances showed a less uniform distribution. This pattern
likely reflects a diffuse contribution from regional mining-related and geogenic sources,
although PTE distribution may also be influenced by the natural variability of parent
material, soil physicochemical conditions, and local agricultural practices [48]. The greatest
data dispersion was observed for Cr, Pb, and As, with standard deviations of 28.68, 16.08,
and 12.83 mg/kg, respectively, indicating a heterogeneous distribution of these elements
within the study area.

The widespread occurrence of As and Cr above the MPLs in the evaluated soils
is consistent with contamination patterns reported in other mining-influenced areas of
El Oro province [50,51]. The geological substrate of the study area includes a sulfide
mineral association (pyrite, arsenopyrite, and chalcopyrite), whose oxidation under surface
conditions may favor the release of As, Fe, and S into soils and drainage systems [52,53].
These elevated concentrations likely reflect both a geogenic component, from the natural
weathering of this substrate, and a mining-related component, whereby decades of artisanal
mining may have accelerated sulfide oxidation; their relative contributions cannot be
separated here, as both share the same mineralogical origin and no direct source-tracing
methods (isotopic or mineralogical) were applied. Similar geochemical mechanisms have
been documented in soils and sediments from mining areas in Ponce Enriquez [17] and in
other gold mining regions of Latin America [54,55]. Moreover, probabilistic assessments of
agricultural soils influenced by gold mining similarly identified As as one of the dominant
contaminants associated with sulfide-rich mineralization [1]. Comparable contamination
patterns have also been documented in the Mantaro River basin (Peru) [56], where mining-
related activities and ore-bearing geological formations contribute to the enrichment of trace
elements in agricultural soils [57]. Similar geochemical processes have been reported in the
Marmato gold district and the Sint River Basin (Colombia), where artisanal gold mining
and sulfide mineral oxidation promote the mobilization of potentially toxic elements into
surrounding environmental matrices [58,59]. These regional comparisons suggest that the
predominance of As, Cr, and Cu observed in Santa Rosa is consistent with contamination
patterns commonly reported in Andean gold-mining environments.

Although Cu exceeded the MPL in 57% of the samples, the role of agrochemical inputs
cannot be ruled out as a contributing factor. In the study area, cacao is the predominant
crop and the use of agrochemicals was reported by local farmers during the field surveys;
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copper-based fungicides are widely applied in Ecuadorian cacao cultivation to control
moniliasis and black pod, and their repeated use may contribute to Cu accumulation
in surface soils independently of mining-related sources [60]. Studies in cacao-growing
regions without mining influence have reported elevated soil Cu attributable to the long-
term use of copper-based fungicides: fungicide-treated cocoa soils have shown significantly
higher Cu than adjacent untreated plots [61], with total Cu reaching 215-287 mg/kg in some
cacao soils under repeated copper-fungicide application [62]. Ni exceeded the established
limit in only 14% of the samples, while Cd, Pb, and Zn remained within the regulatory
limits in all cases. This suggests that these elements may be less influenced by geogenic
enrichment and anthropogenic inputs under the prevailing soil conditions.

Regarding the concentration of PTEs in irrigation water, all samples showed values
below the TULSMA MPLs for agricultural use (Table 1). As ranged from 3.45 to 11.11 ug/L
(MPL = 100 pg/L), Cd from 0.10 to 0.99 pg/L (MPL = 10 pg/L), and Pb from 0.82 to
1.50 ng/L (MPL =50 pg/L). Mn recorded the highest absolute concentrations among the
analyzed PTEs (51.61-196.21 ug/L), approaching the MPL of 200 pg/L at one sampling
point, without exceeding it. Standard deviation (SD) was low for most PTEs, with notable
exceptions for Mn (SD = 63.16 pug/L) and Zn (SD =33.29 ug/L).

The Mn concentration approaching the regulatory limit was recorded exclusively at
the sampling point located closest to the mining-influenced area, while the remaining
samples showed concentrations well below the MPL. This localized pattern is consistent
with a punctual contribution potentially associated with mining-related sources, rather
than a generalized condition of the irrigation water in the study area. Although all values
comply with current regulatory thresholds, the continued use of irrigation water with Mn
concentrations approaching the MPL at specific points may represent a relevant aspect
to consider in long-term water quality management and monitoring strategies for the
agricultural area.

The compliance of all water samples with the MPLs contrasts with the soil results,
consistent with the preferential partitioning of mining-derived PTEs into the solid phase
rather than the dissolved phase. The proximity of Mn to the MPL nonetheless requires
attention, given that the solubility of this PTE is sensitive to redox fluctuations that may
occur during seasonal hydrological transitions [2,63].

3.3. Statistical Analysis
3.3.1. Spearman Correlation

The Spearman correlation results showed three distinct association patterns among
the PTEs and physicochemical parameters analyzed in soil samples (Figure 4a). The first
group included As, Cu, Cr, Ni, and Zn, which showed strong and statistically significant
positive correlations with each other (r; = 0.71-0.89, p < 0.05). The most notable correlations
were Cu-Cr (r; = 0.87), Cu-Zn (r; = 0.84), Cu-Ni (rs = 0.89), and As-Cu (rs = 0.82). This
covariation pattern suggests that these PTEs may share a common origin, potentially
associated with the sulfide mineralization of the geological substrate in the study area
(chalcopyrite and arsenopyrite), whose oxidation under surface conditions may favor the
simultaneous release of these elements into the soil [17,64]. However, correlation analysis
alone is insufficient to establish definitive source attribution, and these interpretations
should be considered as indicative rather than conclusive.

Cd did not show significant correlations with any of the PTEs or physicochemical
parameters evaluated (p > 0.05 in all cases). This suggests an independent pattern of
variation that may reflect a different source or geochemical behavior, possibly linked to
agrochemicals such as phosphate fertilizers or fungicides [1].

https://doi.org/10.3390/resources15060081


https://doi.org/10.3390/resources15060081

Resources 2026, 15, 81

11 of 20

Pb showed a distinct pattern compared with the geogenic group, with non-significant
negative correlations with As, Cu, Cr, Ni, and Zn. However, it showed a significant negative
correlation with pH (rs = —0.68, p < 0.05) and a significant positive correlation with EC
(rs = 0.66, p < 0.05), suggesting that its spatial distribution in soil may be more strongly
influenced by soil physicochemical properties than by the geogenic source influencing the
other PTEs. This behavior is consistent with reports from soils in mining areas, where pH
is a key factor regulating Pb mobility and availability [65]. Finally, the significant negative
correlations of EC with As (rs = —0.61), Cr (rs = —0.64), and Zn (rs = —0.60) suggest that, in
areas with higher soil ionic strength, these elements tend to show lower mobility, probably
due to precipitation or surface adsorption processes [41].

In water samples, the Spearman correlation showed fewer significant correlations than
in soil (Figure 4b), which is consistent with the greater physicochemical homogeneity of
irrigation water along the sampling canal. Co, Mn, and Ni showed positive correlations
with each other, with the strongest correlations observed between Co-Mn (s = 0.90, p < 0.05)
and Mn-Ni (rs = 0.90, p < 0.05). Co and Ni also showed significant negative correlations
with pH (rs = —0.90, p < 0.05), suggesting that their availability in water may be strongly
influenced by acidity conditions. This behavior is characteristic of redox-sensitive metals,
whose solubility increases under conditions of higher acidity, a pattern widely documented
in water systems affected by mine drainage [2]. This pattern is also consistent with previous
hydrogeochemical observations in the Santa Rosa basin, where acidic conditions in mining-
influenced tributaries have been associated with the mobilization of dissolved species [25].

Mo showed a significant positive correlation with EC (rs = 0.89, p < 0.05) and a negative
correlation with DO (75 = —0.89, p < 0.05), suggesting that its concentration tends to increase
under conditions of higher mineralization and lower water oxygenation, consistent with its
geochemical behavior under reducing environments [66].

-0.53

-0.64*

-0.46 -0.6* -0.38

As
*<=0.05

Cd

Cu

Cr

Ni Pb Zn pH EC As Cd Co Cu Cr Mn Mo Ni Pb zn pH T EC TDS DO %02

. *<=0.05 -1

(a) (b)

Figure 4. Spearman correlation of physicochemical parameters and PTEs for (a) soil samples, and
(b) water samples.

3.3.2. Principal Component Analysis (PCA)

The PCA applied to soil samples reduced the dimensionality of the original dataset
of nine variables to three principal components with eigenvalues greater than 1, which
together explained 88.20% of the total variance in the data (Table 2).

PC1 accounted for 57.42% of the variance and grouped As, Cu, Cr, Ni, and Zn with
similar loadings (0.37-0.42), suggesting that a common factor, potentially associated with
sulfide mineralization, may explain a substantial proportion of the distribution of PTEs
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in soil. The larger variance explained by this component relative to the subsequent ones
may suggest a greater influence of geogenic-related inputs, although PCA alone cannot
quantify the relative contribution of geogenic versus anthropogenic sources [17,64]. PC2
explained an additional 16.99% of the variance, with dominant loadings for Pb (0.637) and
negative loadings for pH (—0.487). This component may reflect a physicochemical control
independent of the geogenic source, in which Pb mobility appears to be influenced by soil
acid-base conditions [65]. PC3 accounted for the remaining 13.79%, with dominant loadings
for Cd (0.639) and EC (0.451). The separation of Cd into an independent component,
unrelated to both the mineralogical association of PC1 and the physicochemical control of
PC2, supports the hypothesis of a different origin, potentially linked to agrochemical inputs
such as phosphate fertilizers or fungicides used in local crops [1]. The suitability of the
dataset for PCA was verified by a Kaiser-Meyer-Olkin measure of 0.66 and a statistically
significant Bartlett’s test of sphericity (x> = 95.8, p < 0.001), indicating acceptable sampling
adequacy and sufficient inter-variable correlation for component extraction.

The PCA applied to water samples extracted three principal components with eigen-
values greater than 1, which together described 98.03% of the total variance (Table 2),
indicating a well-defined covariance structure among the analyzed variables.

PC1 accounted for 67.21% of the variance, grouping most PTEs (Co, Cu, Mn, Ni, Pb
and Zn) with positive loadings and pH, EC, TDS, and As with negative loadings. This
configuration suggests that more than two-thirds of water variability may be explained by
a single geochemical process, in which pH is the main regulator of PTEs mobility in the
irrigation canal: under lower pH conditions, metal dissolution and availability tend to be
favored, whereas As and TDS follow an opposite pattern [2]. PC2 explained an additional
18.77% of the variance, with dominant loadings for Cd (0.562) and Mo (0.524), along with
a moderate contribution from temperature (0.296). The separation of Cd and Mo into a
component independent from PC1 suggests that their variability may respond to a process
different from pH control, possibly associated with anthropogenic inputs linked to agricul-
tural practices and mobilization processes influenced by water temperature conditions [39].
PC3 accounted for the remaining 12.05% and was dominated by Cr (0.615), with significant
negative loadings for %O, (—0.445) and DO (—0.400). The inverse association between Cr
and oxygenation parameters is consistent with its redox-sensitive behavior: under lower
oxygenation conditions, Cr-bearing dissolved forms may be favored, while more oxidizing
environments can promote precipitation or removal from the aqueous phase [66]. Due to
the limited number of water samples relative to the number of variables analyzed, PCA for
water was considered exploratory. Therefore, KMO and Bartlett’s tests were not used as
robust validation criteria, and PCA results were not interpreted as definitive evidence for
source apportionment.

3.4. Human Health Risk Assessment

The results of the non-carcinogenic analysis indicate that dermal exposure to soil
does not represent a relevant level of systemic risk for adult agricultural workers under
the evaluated scenario (Table 3). The HI was 3.00 x 1072, a value considerably lower
than the reference threshold of 1. However, the composition of the HI shows that risk
was dominated by As and Cr, with contributions of 75.3% (HQ = 2.21 x 10~2) and 22.9%
(HQ = 6.72 x 1073), respectively. Together, these two PTEs accounted for 98.2% of the total
index, whereas Cd, Ni, Pb, Cu, and Zn showed marginal contributions below 1.8%.

For dermal contact with water, the HI was 2.00 x 1073, also well below 1. The main
contributors were As (HQ = 8.42 x 1074, ~42.2%) and Cd (HQ = 7.99 x 10™4, ~40.0%),
followed by Cr (~11.4%) and Mn (~4.7%). Together, these four PTEs accounted for approxi-
mately 98.3% of the total HI.
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HI values for both matrices remained well below unity, indicating that non-carcinogenic
systemic effects derived from dermal contact are unlikely under the evaluated occupational
scenario. This finding is consistent with the results reported for mining-affected agricultural
areas in Ponce Enriquez, where the dermal route contributed a smaller proportion of the total
risk compared with ingestion and inhalation pathways [17]. The predominance of As and
Cr in the HI calculation highlights the importance of these PTEs as priority contaminants for
environmental monitoring, even when the aggregate risk levels remain within acceptable
ranges. However, contrasting evidence has been reported in mining-impacted river systems in
Peru, where Custodio et al. (2025) observed that As and Pb may exceed acceptable thresholds
for both non-carcinogenic (HI > 1) and carcinogenic risk, particularly via direct contact with
contaminated sediments [67]. These differences emphasize the strong influence of exposure
route, population type, and environmental matrix on risk outcomes, and reinforce the need
for site-specific risk assessment when interpreting contaminant impacts.

Table 2. PCA of physicochemical parameters and PTEs in soil and water samples.

P Soil Water
arameter PC1 PC2 PC3 PC1 PC2 PC3
As 0.40149 0.15166 0.07165 —0.3033 —0.04391 0.0493
Cd —0.14654 —0.45125 0.63872 0.05921 0.56214 0.03464
Co - - - 0.29871 —0.05665 0.11758
Cu 0.42226 0.12408 0.02433 0.30454 0.02158 0.02501
Cr 0.40299 0.08535 —0.1007 —0.08612 —0.23422 0.61529
Mn - - - 0.26803 —0.10422 0.31243
Mo - - - —0.10492 0.52438 0.17004
Ni 0.40548 0.09765 0.14797 0.29947 —0.02328 0.13164
Pb 0.05012 0.63712 0.49689 0.29103 0.01351 0.20652
Zn 0.36995 —0.21119 0.24832 0.30467 0.00968 0.02755
pH 0.27941 —0.48712 0.20506 —0.30266 0.03573 —0.07411
T - - - 0.24791 0.2958 0.09511
EC —0.30784 0.23097 0.45128 —0.2892 0.10339 0.18756
TDS - - - —0.30191 —0.02352 0.08938
DO - - - 0.13251 —0.39687 —0.40042
%Oy - - - 0.14019 0.28171 —0.445
Eigenvalues 5.16763 1.52941 1.24133 10.75381 3.00338 1.92804
Percentage of variance 57.42% 16.99% 13.79% 67.21% 18.77% 12.05%
Cumulative percentage 57.42% 74.41% 88.20% 67.21% 85.98% 98.03%

Table 3. Hazard quotient (HQ) and Hazard Index (HI) for dermal contact with soil and water.

Soil Water

PTEs HQ HI HQ HI
As 221 x 1072 8.42 x 1074

Ccd 313 x 1074 7.99 x 1074

Co - 1.14 x 107>

Cu 441 x 10~ 2.38 x 10~

Cr 6.72 x 103 3.00 x 1072 297 % 10~4 2.00 x 1073
Mn - 928 x 10~°

Mo - 6.62 x 1078

Ni 1.22 x 1074 7.82 x 1070

Pb 9.13 x 10~° 1.25 x 107>

Zn 3.84 x 1077 3.17 x 1077

In the carcinogenic risk assessment, the TCR associated with dermal exposure to PTEs
among agricultural workers was estimated (Table 4). For soil, the TCR was 4.34 x 1072,
placing it within the tolerable range (1 x 107°~1 x 10~%), which requires continuous
monitoring. As dominated the carcinogenic risk profile, contributing 97.7% of the TCR
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(CR =4.24 x 1075); Cr contributed 2.2% (CR = 9.68 x 10~7), and Pb contributed a negligi-
ble fraction (<0.001%). For water, the TCR was 1.65 x 107, corresponding to a low risk
level (1 x 107°~1 x 107°). Similar to the soil matrix, As was the dominant contributor
(98.0%), followed by Cr at 2.0%, with Pb remaining negligible. In both matrices, As was
confirmed as the main determinant of carcinogenic risk, and soil was the matrix of greatest
concern for this outcome.

Table 4. CR and TCR for dermal contact with soil and water.

PTE Soil Water
S CR TCR CR TCR
As 424 x 107° 1.62 x 107
Cr 968 x 107 434 x 107° 327 % 10~8 1.65 x 107°
Pb 3.26 x 1010 4.48 x 10711

The almost exclusive contribution of As to the TCR is consistent with multi-route prob-
abilistic assessments that identified the PTE as the main risk driver in Ecuadorian mining
areas [17,68]. Comparable studies in other Ecuadorian regions impacted by gold mining
have similarly reported low carcinogenic risk levels associated with water exposure under
residential and recreational scenarios [69,70], which is consistent with the findings observed
in this study for the irrigation canal. Similar observations have been reported in other
Andean mining regions, including Peru [67] and Colombia [71,72], where As associated
with sulfide-rich mineralization is the primary determinant of long-term carcinogenic risk.
Although the estimated TCR in the present study remains within the tolerable range for soil
and within the low-risk category for irrigation water, the predominance of As is consistent
with a regional pattern characteristic of gold-mining environments across the Andes.

3.5. Implications for Environmental and Occupational Management

The results obtained provide a technical baseline to guide environmental and occu-
pational management in agricultural areas influenced by mining activity. Excess levels
of As, Cr, and Cu in soil suggest the need to implement periodic monitoring of PTEs
in agricultural soils, as well as conducting assessments during both the dry and rainy
seasons to identify potential seasonal variations. Although non-carcinogenic risk remained
below the reference threshold, the dominant contribution of As to carcinogenic risk in soil
indicates that this element should be considered a priority in future surveillance action.

From a preventive perspective, occupational control measures should be strengthened
during agricultural activities, including the proper use of personal protective equipment,
reduction in direct contact with wet or disturbed soils, hygiene practices after fieldwork,
and training on PTE exposure pathways. In this way, the study provides useful information
for decision-making in territories where mining and agricultural activities converge.

At the source, mitigating the influence of the mining area requires control of the oxidation
of sulfide minerals that drive acid mine drainage and the mobilization of As, Cu, and Fe
through the remediation of the mining environmental liabilities and stricter regulation of
informal mining in the upper basin [19,26]. Regarding the soil matrix, although the estimated
dermal health risk remained within tolerable limits, the exceedance of the MPLs by As, Cr,
and Cu supported proportionate, targeted intervention rather than generalized remediation.
For As, the dominant risk contributor, chemical immobilization using Fe-based amendments
or biochar, which reduces As mobility and bioavailability, and assisted phytoremediation
are among the most established and cost-effective options for agricultural soils [73,74]. The
selection and scaling of such measures should be guided by prior site-specific characterization,
including the speciation and spatially explicit studies identified above.
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3.6. Limitations and Future Research

This study integrates environmental and occupational information to assess PTE-
related risk in a mining-influenced agricultural area; nonetheless, several limitations should
be acknowledged and define directions for future research. First, the assessment considered
only the dermal pathway, consistent with the occupational scenario evaluated; incorporat-
ing incidental ingestion of soil particles, inhalation of resuspended dust, and consumption
of crops grown in contaminated soils would allow a more comprehensive characterization
of cumulative risk. Second, exposure parameters were treated as deterministic point es-
timates; probabilistic approaches such as Monte Carlo simulation would better capture
the associated uncertainty [17]. Third, source identification relied on multivariate ex-
ploratory analysis; the application of direct source-tracing methods, such as mineralogical
and isotopic analysis, would allow the geogenic and anthropogenic contributions to be
apportioned conclusively.

A further priority is the experimental determination of the dermal bioaccessibility
of PTEs in soils and irrigation, since the assessment relies on total concentrations and
therefore yields conservative, upper-bound estimates. Recent studies in mining areas
have shown that dermal bioaccessibility varies considerably among elements and material
types, being generally low for As and higher for elements such as Pb and Zn [75]. The
application of in vitro assays using synthetic sweat in the study area would allow site-
specific absorption estimates to be obtained, refining the characterization of dermal risk
and reducing the uncertainty associated with the use of total concentrations in human
health risk assessment. Comparable evidence from the oral pathway in mining-affected
matrices, with bioaccessibility values as low as ~8% for As [55], further indicates that the
bioaccessible fraction is considerably lower than the total content. In the same direction,
determining the speciation of the Cr(Ill)/Cr(VI) distribution would refine the carcinogenic
risk estimate, which was based on total Cr under a conservative Cr(VI) assumption. Finally,
the water results correspond to a single dry-season campaign; multi-season monitoring
would capture the temporal variability of PTE concentrations, particularly for Mn, whose
solubility is sensitive to redox fluctuations across hydrological seasons.

4. Conclusions

This study integrated soil and irrigation water quality data with a quantitative human
health risk assessment in a mining-influenced agricultural area of the Santa Rosa canton,
southern Ecuador.

The results revealed significant PTE accumulation in soils, with As and Cr exceeding
the maximum permissible limits in 93% of the samples and Cu in 57%, with maximum
concentrations reaching approximately 4.4, 2.4, and 1.4 times the respective limits for As, Cr,
and Cu, identifying these elements as the principal contaminants of environmental concern.
In contrast, PTE concentrations in irrigation water remained within the regulatory limits
for agricultural use, although Mn concentrations approached the permissible threshold.

Human health risk assessment indicated that, under the dermal exposure scenario,
contaminated soils did not indicate significant non-carcinogenic risks (HI = 3.00 x 10~2),
while the carcinogenic risk (TCR = 4.34 x 107°) remained within the tolerable range
requiring monitoring, with As identified as the main contributor (~97.7%).

For dermal exposure to water, the non-carcinogenic risk also remained below the
threshold (HI = 2.00 x 10~3), while the carcinogenic risk (TCR = 1.65 x 10~) corresponded
to a low risk on the basis of the same scale (1076~10°), again mainly controlled by As
(~98.0%). Overall, the results indicate that As was the main element associated with risk
under the evaluated scenario, and soil is the most relevant matrix for the carcinogenic
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component, while water maintained low carcinogenic risk and non-carcinogenic risk below
the established threshold.

These findings apply specifically to the dermal exposure pathway and should not
be interpreted as an estimate of total human health risk; characterizing the latter would
require a multi-pathway assessment incorporating incidental ingestion, dust inhalation,
and dietary intake from crops.

Despite these limitations, the integrated approach adopted in this study, which links
soil and water quality data with a quantitative human health risk assessment under an
occupational dermal exposure scenario, provides a reproducible framework for similar
mining-agriculture interface contexts in Ecuador and the Andean region in general. Since
As was the dominant risk contributor, it represents a clear target for monitoring source-
control actions, whereas, for the dermal exposure evaluated, the regulatory compliance of
irrigation water indicates that the canal does not currently represent an acute chemical risk
for agricultural activities.
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Abbreviations

The following abbreviations are used in this manuscript:

PTEs Potentially toxic elements
As Arsenic

Cd Cadmium

Co Cobalt

Cr Chromium

Cu Copper

Mn Manganese

Mo Molybdenum

Ni Nickel

Pb Lead

Zn Zinc

EC Electrical conductivity
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TDS Total dissolved solids
DO Dissolved oxygen
XRF X-ray fluorescence

ICP-MS Inductively coupled plasma mass spectrometry
HDPE High-density polyethylene

HNO;3; Nitric acid

NIST National Institute of Standards and Technology
TULSMA  Unified Text of Secondary Environmental Legislation of the Ministry of Environment
MPL Maximum permissible limit

HHRA Human health risk assessment

ADD Average daily dose

RfD Reference dose

ABSqp Absorbed fraction in the gastrointestinal tract
HQ Hazard quotient

HI Hazard index

SF Slope factor

CR Cancer risk

TCR Total cancer risk

RAIS Risk Assessment Information System
U.S.EPA  United States Environmental Protection Agency
ASTM American Society for Testing and Materials
ASGM Artisanal and small-scale gold mining

USGS United States Geological Survey

PCA Principal component analysis

SD Standard deviation

p50 50th percentile/median

p95 95th percentile

SA Exposed skin surface area

AF Adherence factor

ABS Absorption factor

Kp Dermal permeability coefficient

EF Exposure frequency

ED Exposure duration

EV Event frequency

tevent Event duration

BW Body weight

AT Averaging time

CF Conversion factor

SAG Agricultural soil sample code

WC Water canal sample code

CCN51 Cacao cultivar code
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