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Abstract
Agricultural soils in the Ecuadorian Amazon may be affected by both geogenic processes and mining-
related disturbances, raising concerns about metal(loid) mobility, bioavailability, and potential transfer to
crops. This study assessed selected agricultural soils from the upper Anzu watershed, where farms with
and without mining history occur under comparable geological and edaphic conditions. Soil samples
were analyzed for physicochemical properties, pseudo-total concentrations of Pb, Cr, As, and Zn by
portable X-ray fluorescence, Pb fractionation using the Tessier sequential extraction procedure, and pH–
Eh-based geochemical speciation. Metal(loid) concentrations showed limited spatial variability, with Cr
and Zn as the most abundant elements, while Pb and As occurred at lower concentrations. No
statistically clear separation was observed between farms with and without mining history, suggesting
that metal distribution is mainly controlled by shared edaphic and lithological conditions. Pb
fractionation indicated a predominance of the exchangeable fraction in selected samples, pointing to
high potential mobility and bioavailability under acidic soil conditions. Thermodynamic interpretation
suggests that Pb and Zn may occur mainly as mobile divalent cations, whereas Cr is stabilized
predominantly as Cr(III). Arsenic behavior appears strongly controlled by redox conditions, with arsenate
(H₂AsO₄⁻) predicted under the measured conditions, although direct speciation analyses would be
required for confirmation. Overall, the results highlight the need to integrate total concentrations with
speciation and bioavailability indicators for environmental monitoring and risk assessment in tropical
agricultural landscapes.

1. Introduction
The Amazon basin is the world's largest tropical rainforest and one of its most biodiverse regions,
increasingly threatened by extractive activities that compromise water, sediment, and soil quality (Strand
et al., 2018). Within this context, the Ecuadorian Amazon has experienced a recent expansion of alluvial
gold mining across several sub-watersheds of the Sub-Andean Zone, often overlapping with traditional
agricultural lands (Moulatlet et al., 2023).

On alluvial terraces of the upper Napo basin, smallholder farmers cultivate cassava, plantain, cacao, and
citrus on lands that, in some cases, have been alternately used for agriculture and gold extraction
(Rivera-Rhon & Bravo-Grijalva, 2023; Vasco-Viteri et al., 2023). Once mining ceases, these lands typically
return to crop production without prior assessment of soil contamination, creating uncertainty regarding
crop safety and human exposure to potentially toxic elements. Although recent studies have evaluated
the occurrence of metal(loid)s in Amazonian waters and active sediments (Capparelli et al., 2020;
Galarza et al., 2021; Jiménez et al., 2021; Montoya et al., 2025), agricultural soils have received markedly
less attention, despite acting as long-term sinks and potential sources of contaminants in the trophic
chain (Angon et al., 2024; Ríos Guayasamín et al., 2024)

Lead (Pb), chromium (Cr), arsenic (As), and zinc (Zn) are among the most environmentally relevant
metal(loid)s in mining-influenced soils due to their toxicity, persistence, and bioaccumulation potential
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(Barra Caracciolo & Terenzi, 2021; Campillo-Cora et al., 2025). In Amazonian aquatic systems of the
upper Napo basin, metal concentrations often approach or exceed background levels typical of the
Amazon basin, with geological factors such as black shale weathering and active volcanism identified as
primary controls of regional patterns (Montoya et al., 2025; Tapia Cordero, 2024).

However, total concentrations alone are insufficient to evaluate ecological or human-health risk, because
the fraction effectively available for plant uptake or microbial interaction depends on chemical speciation
rather than bulk content (Ramos et al., 2022; Vila, 2018; Wang et al., 2025). Speciation and bioavailability
are governed by intrinsic soil properties, particularly pH, redox potential (Eh), and organic matter content,
which control sorption, complexation, and the stability of soluble species (Bourg & Loch, 1995; Karimian
et al., 2018; Vila, 2018). Two complementary approaches are commonly used to characterize this
behavior: indirect thermodynamic prediction through Pourbaix (Eh–pH) diagrams, and direct operational
fractionation through sequential extraction procedures such as the Tessier method (Tessier et al., 1979;
Woszczyk et al., 2018; Vilar et al., 2003; von Gunten, 2024).

In the upper Anzu River watershed (Napo Province, Ecuadorian Amazon), alluvial soils developed from
the weathering of the Middle Jurassic Abitagua Granite share a common lithogenic background,
providing a setting in which the relative contributions of geogenic versus anthropogenic (mining) inputs
can be evaluated (Aspden et al., 1992; Vera-Jaramillo et al., 2026). To date, however, no study has
compared agricultural soils with and without a history of mining activity under such comparable
geological conditions.

This study evaluates the total concentration, geochemical speciation, and bioavailability of Pb, Cr, As,
and Zn in agricultural soils from farms with and without mining history in the upper Anzu watershed. The
specific objectives were to: (i) quantify the pseudo-total concentrations of the four elements in both farm
types; (ii) determine the dominant chemical species and bioavailable fractions through Pourbaix
diagrams and the Tessier sequential extraction procedure; and (iii) relate the intrinsic soil properties (pH,
Eh, electrical conductivity, and soil organic matter) to metal(loid) mobility.

2. Materials and methods
Study area

The study was conducted in the Carlos Julio Arosemena Tola canton, Napo Province, in the northern
Ecuadorian Amazon (Fig. 1a). According to the National Cadastre, 47 mining concessions are currently
registered within the study area, frequently overlapping with active agricultural lands (Conali, 2020). The
local climate corresponds to the Upper Amazon, with annual precipitation exceeding 3000–3500 mm,
mean annual temperatures of 22–26°C, and high humidity throughout the year (INAMHI, 2025).

The study area lies within the northern Ecuadorian Amazon, where the surficial geology is dominated by
recent alluvial deposits derived from the weathering and erosion of the surrounding bedrock (Fig. 2).
These Quaternary deposits overlie a sequence of Cenozoic sedimentary formations (Mesa, Chambira,
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Arajuno, Chalcana, Tiyuyacu, Tena, and Napo), which consist primarily of limestones, sandstones,
siltstones, and claystones deposited in marine, fluvial, and transitional environments (Baby et al., 2004;
Christophoul et al., 2002; Gutiérrez et al., 2019)

The primary lithogenic source for the Quaternary deposits is the Abitagua Granite, a Middle Jurassic (~ 
162 Ma) batholith (Aspden et al., 1992; Vera-Jaramillo et al., 2026). This granitic unit forms part of an
extensive Jurassic magmatic belt in the Sub-Andean Zone and is classified as an I-type granitoid
(Aspden et al., 1992; Litherland & Viteri, 1994). Its mineral assemblage, dominated by quartz, K-feldspar,
plagioclase, biotite, and amphibole, includes accessory phases such as chlorite and epidote (Guzman &
Campos, 2024; Huatatoca-mamallacta et al., 2025; Vera et al., 2023), which can be natural hosts for
various trace elements, including heavy metals. Consequently, the agricultural soils sampled in this
study, developed from recent alluvial materials, have a direct genetic link to the Abitagua Granite through
the intermediate sedimentary cycle. This geological framework establishes the granitic basement as the
dominant natural (geogenic) source for the soil matrix and its inherent geochemical background.

Four agricultural farms were selected: two without any history of mining activity and two with
documented past mining intervention. Three composite soil samples were collected from each farm,
resulting in six control samples (C-01 to C-06) and six mining-history samples (M-01 to M-06). All four
farms are located on alluvial terraces of comparable elevation, slope, and parent material, with similar
crop rotations and management practices, minimizing confounding effects from land-use intensity.

Soil sampling

A total of 12 composite soil samples (three per farm) were collected from the four selected farms. A
stratified random sampling design was applied: within each farm, three cultivation areas of
approximately 100 m² were selected at random, and within each area a 10 × 10 m sector representing
approximately 75% of the cultivated surface was delineated. Each composite sample (~ 1 kg) was
formed by combining five subsamples collected in a zigzag pattern at 1 m intervals and subsequently
homogenized using the quartering method (Jang, 2010; Wei et al., 2023). Sampling was performed at a
depth of 35–40 cm, corresponding to the rhizosphere (Barra Caracciolo & Terenzi, 2021; Kurek &
Majewska, 2014). Samples were collected using stainless-steel tools cleaned with deionized water and
ethanol between sites, transferred to labeled polyethylene bags, and transported under refrigeration (~ 
4°C).

In the laboratory, samples were oven-dried at 60°C for 48 h to remove moisture while minimizing
potential alteration of soil chemical properties (Wei et al., 2023). Dried samples were disaggregated in an
agate mortar and sieved through a 63 µm nylon mesh to recover the silt-and-clay fraction, which
concentrates metal(loid)s associated with clays, Fe/Mn oxides, and organic matter (Jang, 2010;
Sandström et al., 2022; Xia et al., 2022). The < 63 µm fraction was stored in polyethylene containers in
the dark until analysis.

Physicochemical characterization
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Soil pH, electrical conductivity (EC), and redox potential (Eh) were determined in aqueous suspensions
prepared with a 1:2.5 soil-to-water ratio using Type I deionized water (Sandström et al., 2022).
Measurements were performed with a HI6221 pH/ORP meter (Hanna Instruments) equipped with a
combined pH electrode and an ORP electrode (Ag/AgCl, 3.5 M KCl reference). All Eh values are reported
relative to the standard hydrogen electrode (SHE), obtained by adding + 205 mV at 25°C to the values
measured against the Ag/AgCl (3.5 M KCl) reference electrode (Nordstrom & Wilde, 2005)

Soil organic matter (SOM) content was determined by loss on ignition (LOI) (Heiri et al., 2001).
Approximately 5 g of dried < 63 µm fraction was dried at 105°C for 24 h and then ignited at 500°C for 4 h;
SOM (%) was calculated as the mass loss between 105°C and 500°C (Heiri et al., 2001). All
measurements were performed in triplicate, and analytical precision was assessed as the relative
standard deviation (RSD) between replicates.

Pseudo-total metal(loid) concentrations by portable XRF

Pseudo-total concentrations of As, Cr, Pb, and Zn in the < 63 µm fraction were determined by portable
energy-dispersive X-ray fluorescence (pXRF) using a Bruker S1 TITAN spectrometer, following USEPA
Method 6200 (USEPA, 2007). The instrument was operated in Soil application mode with the SoilNCDual
method, with a total measurement time of 180 s per replicate. Approximately 5 g of dried, sieved soil was
packed into a polyethylene sample cup sealed with a 4 µm Prolene film, ensuring sufficient thickness (> 5
mm).

Each sample was measured in three replicates (D01, D02, D03). Mean RSD values were 2.0% for Zn, 6.1%
for Cr, 13.2% for As, and 15.0% for Pb, with all four elements detected in 100% of samples. Calibration
was verified at the start of each session using the certified Duplex 2205 reference standard; all
measurements passed verification. Reported concentrations correspond to the mean of the three
replicates.

Sequential extraction by the Tessier method and AAS

Sequential extraction was applied specifically to Pb because this element is environmentally relevant in
agricultural soils and its mobility is strongly influenced by pH, sorption sites, carbonates, Fe–Mn oxides,
and organic matter. The Tessier procedure was used to operationally partition Pb among fractions with
different potential mobility and bioavailability (Tessier et al., 1979; Kumkrong et al., 2022).

Pb fractionation was performed on four selected samples (M-02, M-06, C-02, and C-04), representing
both control and mining farms, using the five-step Tessier procedure, starting from 1 g of the dried < 63
µm fraction: (i) exchangeable (EXC), 1 M MgCl₂ (pH 7); (ii) bound to carbonates (CAR), 1 M sodium
acetate (pH 5); (iii) bound to Fe/Mn oxides (OXI), hydroxylamine hydrochloride in 25% acetic acid at 96°C;
(iv) bound to organic matter (ORG), 30% H₂O₂ with ammonium acetate; and (v) residual (RES), acid
digestion (HCl:HNO₃). Pb in each fraction was quantified by flame atomic absorption spectrometry
(Perkin Elmer AAnalyst 300), with a quantification limit of 1.25 mg kg⁻¹.
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The analytical consistency of the results was evaluated through an operational mass balance by
comparing the sum of Pb recovered in the five Tessier fractions (EXC + CAR + OXI + ORG + RES) with the
corresponding total Pb concentration determined by portable X-ray fluorescence (pXRF) in the same < 63
µm soil fraction. Recovery was calculated as: Recovery (%) = [ΣPb fractions / total Pb by pXRF] × 100.
This comparison was used as a quality-control criterion to assess the coherence between the sequential
extraction procedure and the independently measured total Pb concentration.

The mobility and potential bioavailability of Pb were evaluated using the Risk Assessment Code (RAC),
calculated as the percentage of metal retained in the exchangeable and carbonate-bound fractions
relative to the sum of all five fractions (Perin et al., 1985; Dung et al., 2013): no risk (< 1%), low (1–10%),
medium (11–30%), high (31–50%), and very high (> 50%).

Geochemical speciation modeling

A screening-level thermodynamic interpretation of the potential predominance fields of Pb, Cr, As, and Zn
was conducted using PHREEQC (Parkhurst & Appelo, 1999) with the MINTEQ (v4) thermodynamic
database. Measured pH and redox potential (Eh, relative to SHE; converted to pe) were used to locate the
samples within theoretical stability fields. Because pseudo-total soil concentrations do not represent
dissolved concentrations or activities, the diagrams were interpreted as qualitative indicators of potential
speciation rather than as direct estimates of mobility, bioavailability, or aqueous equilibrium
distributions.

Statistical analysis

All statistical analyses were performed in R version 4.5.2 (R Core Team, 2025), with a significance level
of α = 0.05. Given the small sample size (n = 12), non-parametric methods were used throughout.
Because the 12 composite samples were nested within four farms, inferential results were interpreted as
exploratory rather than as definitive evidence of farm-type effects. Differences between farms with and
without mining history were evaluated using the Mann–Whitney U test, and monotonic associations
among soil properties and metal(loid) concentrations were assessed using Spearman's rank correlation
coefficient (ρ). Measured concentrations were compared with the maximum permissible limits for
agricultural soils (MAE-TULSMA, 2015).

3. Results and discussion
Soil physicochemical properties

The soil physicochemical parameters varied within a relatively narrow range across the evaluated farms,
defining a common edaphic framework for metal(loid) behavior (Fig. 3; Table 1). Soil pH ranged from
5.15 to 6.06, indicating acidic to slightly acidic conditions. Electrical conductivity (EC) ranged from 13.92
to 40.50 µS/cm, reflecting low-salinity conditions in all samples. Redox potential (Eh) values ranged from
0.06 to 0.10 V, indicating low-redox to slightly oxidizing conditions. Soil organic matter (SOM), estimated
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by loss on ignition, ranged from 0.25% to 1.46%, reflecting low organic matter contents across the
evaluated soils.

These physicochemical conditions are relevant because pH, Eh, and SOM strongly influence metal(loid)
retention, mobility, and potential bioavailability in soils (Bourg & Loch, 1995; Kumpiene et al., 2008;
Karimian et al., 2018). Under acidic conditions, the adsorption of divalent metals such as Pb and Zn onto
mineral surfaces may decrease, increasing their relative mobility in the soil solution (Hettiarachchi &
Pierzynski, 2004; Fernández-Calviño et al., 2010; Tepanosyan et al., 2022). However, the extent of this
mobility also depends on the availability of reactive retention phases, including Fe/Mn oxides, clay
minerals, carbonates, and organic matter.

The low SOM contents observed in all samples suggest a limited capacity for organic complexation and
chelation of metals. Samples with relatively higher SOM may favor greater retention of Pb and Zn
through organic functional groups; however, the overall low SOM content indicates that organic matter is
unlikely to be the dominant retention mechanism in these soils (Kumpiene et al., 2008). Likewise, the low
EC values suggest that salinity does not exert a major control on metal mobility in the evaluated farms.
Overall, the physicochemical results indicate that metal(loid) behavior is mainly controlled by acidic pH,
low-redox to slightly oxidizing conditions, and limited organic matter content, while salinity appears to
play a secondary role.

3.2 Pseudo-total concentrations of heavy metal(loid)s
The pseudo-total concentrations of heavy metal(loid)s showed limited variability across the evaluated
soils, with relatively narrow ranges for all analyzed elements (Fig. 4; Table 1). Chromium and Zn were the
most abundant elements, with concentrations ranging from 136 to 163 mg/kg and from 118 to 145.33
mg/kg, respectively. In contrast, Pb and As occurred at lower concentrations, ranging from 9.33 to 19
mg/kg for Pb and from 8.00 to 13.33 mg/kg for As. This pattern was observed in both control and
mining-history farms, suggesting that metal(loid) distribution is relatively homogeneous across the
evaluated agricultural soils.

The limited spatial variability observed in the pseudo-total concentrations suggests that the evaluated
soils may share common geochemical controls. This interpretation is consistent with the comparable
physicochemical conditions described above and with the geological setting of the study area, where
agricultural soils are developed on alluvial materials derived from surrounding lithological units.
Comparable monitoring studies show that interpretation of soil metal patterns requires consideration of
geological structure, land use, and local geochemical baselines (Krami et al., 2013; Łabaz et al., 2019). In
Amazonian environments, metal(loid) distribution can reflect the combined influence of natural
geological background, intense weathering, sediment transport, and mining-related inputs, which may
complicate the distinction between geogenic and anthropogenic sources when spatial variability is low
(Moulatlet et al., 2023; Montoya et al., 2025; Tapia Cordero, 2024). Similar patterns have been reported in
mining-influenced tropical systems, where total metal concentrations alone are insufficient to define
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source, mobility, or environmental risk without considering soil properties and geochemical partitioning
(Ramos et al., 2022).

The Mann–Whitney U test was used to compare soil physicochemical properties and pseudo-total
metal(loid) concentrations between control and mining-history farms (Table 2). The results showed a
significant difference in pH between both groups, with mining-history soils presenting lower median pH
values than control soils (U = 2.0, p = 0.009). In contrast, no statistically significant differences were
observed for EC, Eh, SOM, or the pseudo-total concentrations of Cr, As, Zn, and Pb (p > 0.05). These
results indicate that, although mining-history farms showed slightly more acidic conditions, metal(loid)
concentrations were not statistically differentiated between farm categories. Therefore, the distribution
of Cr, As, Zn, and Pb appears to be more strongly associated with shared edaphic and geological
conditions than with mining history alone.

Table 1
Soil physicochemical parameters and pseudo-total heavy metal(loid) concentrations in samples from

control and mining-history farms.
Farms Samples pH EC

(µS/cm)
Eh
(V)

SOM
(%)

Cr
(mg/kg)

As
(mg/kg)

Zn
(mg/kg)

Pb
(mg/kg)

Control C-01 5.98 24.4 0.06 0.51 163 9.33 127 16

C-02 6.06 22.5 0.06 0.85 159.33 13.33 140.33 9.33

C-03 5.61 40.5 0.08 0.74 138.67 10.00 128 12.33

C-04 5.41 34.3 0.09 0.75 147.33 12.33 118.67 12

C-05 5.52 13.92 0.09 0.76 151 10.33 120 14.67

C-06 5.43 22.9 0.09 0.98 149.33 8.67 129 19

Mining M-01 5.32 35.9 0.10 0.25 159 10.33 125.67 13

M-02 5.25 19.86 0.09 0.43 147 9.33 133 16

M-03 5.15 18.77 0.10 0.27 148 8.00 118 15.33

M-04 5.49 14.32 0.08 1.24 146.67 8.00 119 12.67

M-05 5.39 19.72 0.09 0.99 155 11.67 145.33 14

M-06 5.23 29.3 0.09 1.46 136 9.33 125.33 12.67
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Table 2
Mann–Whitney U test comparing soil physicochemical properties and pseudo-total

metal(loid) concentrations between control and mining-history farms.
Variable Control median Mining-history median U statistic p-value

pH 5.57 5.29 2.0 0.009

EC (µS/cm) 23.65 19.79 13.0 0.485

Eh (V) 0.085 0.090 8.0 0.102

SOM (%) 0.76 0.71 18.0 1.000

Cr (mg/kg) 150.17 147.50 12.0 0.394

As (mg/kg) 10.17 9.33 10.5 0.257

Zn (mg/kg) 127.50 125.50 16.0 0.818

Pb (mg/kg) 13.50 13.50 15.5 0.748

Spearman correlation analysis was used to explore monotonic relationships among soil
physicochemical properties and pseudo-total metal(loid) concentrations (Fig. 5). The strongest and only
statistically significant correlation was observed between pH and Eh (ρ = −0.79, p ≈ 0.002), indicating
that more acidic soils tended to show higher redox potential values. This relationship suggests that soil
acidity and redox conditions are coupled in the evaluated soils, which is environmentally relevant
because pH and Eh jointly regulate sorption, precipitation–dissolution reactions, redox transformations,
and metal(loid) speciation (Bourg & Loch, 1995; Kumpiene et al., 2008; Karimian et al., 2018). In contrast,
no statistically significant correlations were observed between soil properties and pseudo-total
metal(loid) concentrations at α = 0.05. The strongest non-significant associations involving metal(loid)s
were observed between pH and Cr, Eh and Zn, pH and As, and EC and Pb. These results suggest that
pseudo-total metal(loid) concentrations are not controlled by a single physicochemical variable, but that
metal mobility may still be influenced by the combined effect of soil acidity, redox conditions, organic
matter content, and lithological background.

Comparison with the maximum permissible limits (MPLs) established by TULSMA was used as a
contextual screening tool rather than as a complete risk assessment. Within this framework, Cr and Zn
presented the highest concentrations among the analyzed elements, whereas Pb and As remained at
lower levels. However, environmental risk cannot be inferred from pseudo-total concentrations alone
because the mobility, bioavailability, and toxicity of metal(loid)s depend on their chemical form, solubility,
redox state, and association with reactive soil fractions (Tessier et al., 1979; Vila, 2018; Ramos et al.,
2022). Therefore, the interpretation of these concentrations must be complemented with bioavailability
and speciation indicators, particularly where soils act as interfaces between natural and human-
influenced systems (Monaci & Baroni, 2025).
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Pb is particularly relevant from an environmental perspective, not only because of its toxicity and
potential transfer through the soil–plant system, but also because its mobility can increase under acidic
soil conditions when adsorption onto mineral surfaces, carbonates, Fe/Mn oxides, or organic matter is
limited (Hettiarachchi & Pierzynski, 2004; Tepanosyan et al., 2022). Similarly, Zn may become more
mobile under acidic conditions due to reduced adsorption onto mineral phases and competition with
protons at sorption sites (Fernández-Calviño et al., 2010). In contrast, Cr and As require interpretation in
terms of redox-sensitive speciation and interactions with Fe/Al oxide phases, because Cr(III)/Cr(VI) and
As(III)/As(V) transformations strongly condition their mobility and toxicity in soils (Pigna et al., 2015;
Shahid et al., 2017; Deng et al., 2020; T. Xu et al., 2020). For this reason, the pseudo-total concentration
data provide an initial assessment of metal(loid) occurrence, while the sequential extraction and pH–Eh
interpretation discussed below provide additional insight into potential mobility and bioavailability.

3.3 Assessment of Pb bioavailability and metal speciation
The sequential extraction results (Fig. 6) indicate that Pb is predominantly associated with the
exchangeable fraction (EXC) in the four selected soil samples (M-02, M-06, C-02, and C-04). This fraction
represents the most labile and potentially bioavailable pool, as Pb retained in exchangeable sites can be
more readily released into the soil solution under changes in pH, ionic strength, or redox conditions
(Tessier et al., 1979; Tepanosyan et al., 2022). Pb concentrations in the EXC fraction ranged from 9.72
mg/kg in M-06 to 18.82 mg/kg in C-04. In contrast, Pb was not detected in the carbonate-bound (CAR),
Fe/Mn oxide-bound (OXI), or organic matter-bound (ORG) fractions. Minor contributions were observed
in the residual fraction (RES) in M-02 and M-06, with values of 1.97 and 3.56 mg/kg, respectively,
whereas Pb was not detected in the residual fraction of C-02 and C-04. This distribution suggests that Pb
is mainly retained in weakly bound forms rather than incorporated into more stable geochemical
fractions.

The predominance of Pb in the EXC fraction indicates high potential mobility and bioavailability under the
acidic conditions observed in the evaluated soils. Acidic pH can reduce Pb adsorption onto mineral
surfaces and limit retention in carbonate-associated phases, increasing the relative importance of
exchangeable forms (Hettiarachchi & Pierzynski, 2004; Kicińska et al., 2022; Tepanosyan et al., 2022). In
addition, the low SOM content reported for the evaluated soils suggests a limited capacity for Pb
complexation with organic functional groups, which may further contribute to the occurrence of Pb in
labile fractions (Kumpiene et al., 2008). These conditions are consistent with the pH–Eh framework
described above, where soil acidity and redox conditions appear to act as coupled controls on metal
mobility.

The operational mass balance showed variable recoveries between the sum of the Tessier fractions and
the pseudo-total Pb concentrations determined by pXRF (Table 3). Recoveries ranged from 86.69% in M-
02 to 164.09% in C-02. The mining-history samples showed recoveries close to the expected analytical
range, particularly M-02 and M-06, whereas the control samples C-02 and C-04 showed higher
recoveries. These differences may reflect sample heterogeneity, matrix effects associated with pXRF
measurements, differences between analytical techniques, or uncertainty related to low Pb
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concentrations. Therefore, the sequential extraction results should be interpreted as operational
fractionation data rather than as absolute total Pb recovery.

Despite the variability in recovery, the Risk Assessment Code (RAC) values were consistently high across
the four selected samples. RAC values ranged from 73.19% in M-06 to 100% in C-02 and C-04, placing
these samples within the “very high risk” screening category according to the RAC classification (Perin et
al., 1985). Given the variable analytical recoveries and the limited subset of four samples, these RAC
values should be treated as screening indicators rather than as definitive risk estimates. The result
reflects the predominance of Pb in the exchangeable fraction and indicates potentially high mobility and
bioavailability under the observed acidic soil conditions. Therefore, the RAC results support the
interpretation that Pb availability is controlled more by its labile geochemical partitioning than by pseudo-
total concentration alone (Vila, 2018).

Table 3
Summary of Pb recovery and Risk Assessment Code (RAC) for selected soil samples analyzed by Tessier

sequential extraction.
Sample Pb by pXRF

(mg/kg)
ΣPb Tessier
(mg/kg)

Recovery (%) RAC (%) RAC category

M-02 16.00 13.87 86.69 85.80 Very high

M-06 12.67 13.28 104.81 73.19 Very high

C-02 9.33 15.31 164.09 100.00 Very high

C-04 12.00 18.82 156.83 100.00 Very high

Note. RAC was calculated as the percentage of Pb in the exchangeable plus carbonate-bound
fractions relative to the sum of all Tessier fractions. The carbonate-bound, Fe/Mn oxide-bound, and
organic matter-bound fractions were not detected in the selected samples; therefore, RAC values
mainly reflect the exchangeable fraction

The pH–Eh predominance diagrams were used as a screening-level thermodynamic framework to
interpret the potential aqueous forms of the analyzed elements under the measured soil conditions
(Fig. 7). The sample points occupy a narrow pH–pe interval, with acidic pH and moderately oxidizing
conditions. This clustering indicates that control and mining-history farms share a similar geochemical
domain. The significant negative correlation between pH and Eh described above also suggests that
acidity and redox conditions vary together in the evaluated soils.

For Pb (Fig. 7a), all samples fall within the Pb²⁺ predominance field. The diagram shows that Pb²⁺ is
favored across a broad pH–pe range, including near-neutral pH. Thus, the high potential mobility inferred
for the evaluated soils should not be attributed to acidity alone. Rather, it reflects the combination of Pb²⁺
predominance, acidic soil conditions, low SOM content, and the dominance of Pb in the exchangeable
fraction. At higher pH, Pb²⁺ may still be the dominant aqueous species, but its effective mobility can
decrease through stronger adsorption onto mineral surfaces, Fe/Mn oxides, organic matter, or
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precipitation with carbonate and phosphate phases (Hettiarachchi & Pierzynski, 2004; Tepanosyan et al.,
2022).

For Cr (Fig. 7b), most samples plot within the Cr(OH)²⁺ field, close to other hydrolyzed Cr(III) species.
This pattern indicates that Cr is favored in trivalent hydrolyzed forms under the measured conditions.
These species are generally less mobile and less toxic than Cr(VI), which is favored under more strongly
oxidizing conditions (Shahid et al., 2017; T. Xu et al., 2020; Ju et al., 2022). Cr therefore appears to have
lower relative mobility than Pb and Zn in the evaluated soils.

For As (Fig. 7c), the sample points fall mainly within the H₂AsO₄⁻ field. Arsenic is thermodynamically
favored as an oxidized arsenate species under the observed conditions. This does not necessarily imply
high mobility, because arsenate can be strongly retained by Fe and Al oxides under acidic to moderately
acidic conditions. Its mobility may increase when phosphate competes for sorption sites or when Fe
oxides undergo reductive dissolution (Pigna et al., 2015; Deng et al., 2020; Zhuang et al., 2023).

For Zn (Fig. 7d), all samples fall within the Zn²⁺ predominance field. Zn is favored as a free divalent
cation, which agrees with the relatively high mobility expected for this element in acidic soils. Its
effective mobility may still vary with pH, clay content, Fe/Mn oxides, and organic matter, which can
provide sorption sites as pH increases (Fernández-Calviño et al., 2010).

The theoretical predominance diagrams show a clear contrast among the analyzed elements. Pb and Zn
are favored as free divalent cations, Cr occurs mainly as hydrolyzed Cr(III) species, and As is favored as
H₂AsO₄⁻. Together with the sequential extraction results, these patterns indicate that metal(loid) mobility
is largely controlled by local soil chemistry. Pb shows the strongest evidence of high potential
bioavailability, Zn also presents potential mobility, Cr appears less mobile, and As behavior is likely
governed by arsenate sorption–desorption processes. The similar position of control and mining-history
samples in the diagrams supports the idea that intrinsic soil conditions play a major role in regulating
metal(loid) availability in the evaluated farms.

4. Conclusions
The evaluated agricultural soils from the upper Anzu watershed showed limited variability in pseudo-total
Pb, Cr, As, and Zn concentrations. No statistically significant differences in metal(loid) concentrations
were observed between control and mining-history farms, although mining-history soils presented
significantly lower pH values. This pattern suggests that metal(loid) distribution in the evaluated soils is
not clearly differentiated by mining history alone and is likely influenced by shared edaphic and
lithological conditions.

Soil acidity, redox conditions, low SOM content, and low salinity define the main geochemical framework
controlling metal(loid) behavior in the study area. The significant negative correlation between pH and Eh
indicates that acidity and redox conditions are coupled in these soils, which is relevant for interpreting
metal mobility and speciation. The screening-level pH–Eh diagrams suggested that Pb and Zn are
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favored as free divalent cations, Cr occurs mainly as hydrolyzed Cr(III) species, and As is favored as
H₂AsO₄⁻ under the measured conditions.

Pb showed the clearest evidence of high potential bioavailability. Sequential extraction indicated a
predominance of Pb in the exchangeable fraction, and RAC values placed the four selected samples
within the very high risk screening category. These results show that Pb risk in the evaluated soils is
more closely related to its labile partitioning than to pseudo-total concentration alone. Zn also showed
potential mobility based on its modeled predominance as Zn²⁺, whereas Cr appears comparatively less
mobile and As mobility is likely regulated by arsenate sorption–desorption processes.

The results highlight the importance of integrating pseudo-total concentrations, soil physicochemical
properties, sequential extraction, and pH–Eh speciation to assess metal(loid) mobility and potential
bioavailability in tropical agricultural soils. Future work should include direct plant uptake studies,
leaching tests, mineralogical characterization, and a broader spatial sampling design to better constrain
metal(loid) transfer pathways and distinguish geogenic from anthropogenic contributions.
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Figure 1

(a) Study area in the Ecuadorian Amazon, and (b) sampling locations
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Figure 2

Geological map showing the location of the study farms, mining concession areas, and the
hydrographic network in the Ecuadorian Amazon
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Figure 3

Distribution of soil physicochemical parameters: (a) EC, (b) pH, (c) Eh, and (d) SOM in samples from the
evaluated farms

Figure 4
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Boxplots of pseudo-total heavy metal(loid) concentrations (As, Cr, Pb, and Zn) in soils from (a) mining-
history and (b) control farms, compared with the maximum permissible levels (MPLs) established by
TULSMA

Figure 5

Spearman correlation matrix among soil physicochemical properties and pseudo-total metal(loid)
concentrations. The matrix includes pH, EC, Eh, SOM, Cr, As, Zn, and Pb. Color intensity indicates the
strength and direction of the Spearman correlation coefficient (ρ). Non-significant correlations should
be interpreted as exploratory patterns due to the limited sample size
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Figure 6

Tessier sequential extraction of Pb in selected soil samples. Fractions: EXC = exchangeable, CAR =
carbonate-bound, OXI = Fe/Mn oxide-bound, ORG = organic matter-bound, and RES = residual
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Figure 7

Pourbaix diagrams for (a) Pb, (b) Cr, (c) As, and (d) Zn under the pH–Eh conditions measured in the
evaluated soils
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