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Abstract: Tailings are a significant concern due to their potential release of toxic elements into the
environment, posing risks to ecosystems and human health. Therefore, understanding their polluting
potential is crucial for effective mitigation strategies. This study evaluates the contaminating potential
of eight tailing dams in the upper basin of the Puyango River in southern Ecuador. A physicochemical
and mineralogical characterization of the tailings was conducted. The contents of As, Cd, Co,
Cr, Cu, Mo, Nj, Pb, Sb, Se, V, and Zn were determined using Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) and Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES).
The contamination index (IC) and the risk (Ry) to the environment and population were evaluated.
As a result, it was found that As, Cu, Pb, Se, and Zn exceeded the maximum permissible limits in all
the samples according to Ecuadorian regulations. Six of the eight tailing dams presented very high
pollution levels (21.28 < IC < 298.61), indicating a severe contamination risk. As, Sb, and Se were
the most significant contributors to the index, with 29%, 31%, and 20% contribution to the overall
IC, respectively. However, the risk assessment indicated a low risk (Ry < 5) to both the population
and the natural environment, mainly due to the distance between the tailing dams and the potential
receptors. While the present risk associated with the studied tailing dams is low, there exists potential
for long-term escalation.

Keywords: potentially toxic elements; mining environmental liabilities; contamination index;
risk assessment

1. Introduction

Mining is essential for societal development as it supplies essential raw materials
for various industries. However, it can occasionally negatively impact ecosystems and
populations [1-6]. One of the main concerns associated with mining activities is the
potential release of high-toxicity pollutants into the environment [7-9]. Some potentially
toxic elements (PTEs), such as As, Cd, Pb, and Zn, can cause severe damage to ecosystem
resources [10]. Due to their toxicity, persistence, and bioavailability, the effects of some
of the PTEs can persist indefinitely in contaminated environments, even after mining
activities cease. These pollutants can adversely affect fields directly relevant to mining
activities, including water resources, soil quality, and biodiversity [9,11-13]. Additionally,
the impact on water bodies can have downstream effects on drinking water safety and
aquatic life [14]. Understanding and mitigating the long-term effects of PTEs is crucial for
ensuring sustainable mining practices and protecting interconnected sectors such as public
health, environmental conservation, and industrial productivity.
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In the upper basin of the Puyango River in southern Ecuador, important metallic
mining activity is carried out, primarily artisanal and small-scale mining (ASM) [15,16].
Gold and silver have been extracted in this area since the early 1980s, with processing
plants mainly located along the Calera and Amarillo Rivers [17]. Inadequate waste man-
agement and the lack of mining regulation and control have led to the direct discharge of
mine tailings into rivers for many years, resulting in severe environmental damage [16,18].
Moreover, mining environmental liabilities (MELs) in the area, such as abandoned tailings
and dumps, have facilitated the release and mobilization of pollutants due to wind or
runoff [19]. Consequently, the upper basin of the Puyango River has been severely con-
taminated, affecting the water quality of the Tumbes River and leading to cross-border
environmental conflicts with Peru [20].

In the past decade, several studies have assessed the environmental quality of the
Puyango River Basin, revealing concerning findings. Nufiez and Zegarra [21] reported high
concentrations of Cu, Fe, and Pb, exceeding the maximum permissible limits (MPLs) ac-
cording to Ecuadorian and Peruvian environmental regulations. Mora et al. [22] identified
high concentrations of Cu, Fe, and Zn downstream from the confluence zone of the Calera
and Amarillo Rivers. Delgado et al. [23] found significant contamination of water bodies
in the area due to mining waste and effluents from mineral beneficiation plants. In the
“Integral Reparation Plan for the Puyango River Basin”, the Ministry of the Environment
of Ecuador documented total As and Al concentrations exceeding permissible limits in
water samples, soil samples showed high concentrations of Fe (71,129.60 mg/kg) and
Al (44,402.10 mg/kg), and sediment samples from the lower basin of the Puyango River
contained high concentrations of Ba, V, and Ni [19]. These impacts, linked to some miner-
alogical species, such as sulfides, sulfates, and oxides in abandoned waste deposits [24],
show a long-standing legacy of pollution exacerbated by inadequate mitigation efforts.
Consequently, MELs in the area, mainly tailing deposits [25], persist in the release and
mobilization. Previous research in the area has shown the high contamination level in the
Puyango River Basin. However, these studies lack information on the potential risk posed
by mining waste deposits to the ecosystem and local population. Therefore, this study
aims to evaluate the contaminating potential and associated risks of tailings in the upper
basin of the Puyango River. The physicochemical and mineralogical characterization of
the tailings and their surroundings help quantify the environmental and population risks
these waste deposits pose. This study establishes a baseline for decision-makers, enabling
the proposal of effective pollution control strategies in mining areas.

2. Materials and Methods
2.1. Study Area

The study area encompasses the upper basin of the Puyango River, situated in southern
Ecuador (Figure 1). This area is considered one of the country’s oldest and most important
sites for artisanal and small-scale gold mining (ASGM) [16]. As an integral part of the
Puyango-Tumbes Basin, this sector comprises key tributaries like the Calera, Amarillo, and
Pindo Rivers, which feed into the Puyango River, eventually flowing into Peru [26].

The study area experiences two seasons: a rainy period from January to April and
a dry season from May to November or December, with an average annual rainfall of
1160 mm. The climate is tropical, with an average yearly temperature of 24.5 °C in the
plains and 22 °C in the mountainous area. During regular years, the dry season registers
an average temperature of 26 °C, while the rainy season sees an average of 23 °C. However,
during El Nifio events, daily maximum temperature rises to 35 °C and 30 °C in the plains
and mountainous regions, respectively [27].



Resources 2024, 13, 105

30f16

650,000 650,400 650,800 651,200

Colombia

9,597,200

1SS N

30

Ecuador /

9,596,800

g
pe " ! ESiN e
& / Meser, GeoEye,
/ /Jl S i
’
¢ Pert
\ 650,750 651,000 651,250
e km ____

0 75 150 300

9,594,000

9,593,750

SeliceESiy
IVaxar GECEYE
B
SCNES/AIbUsIDS

9,593,500

651,000 651,600 652,200

9,587,000

9,586,500

Legend

Puyango River Basin M  Sampling area

A

| Cities

Rivers

9,586,000

®  Sample points

Figure 1. Geographical location of the study area and sample points in the upper river basin of the
Puyango River, Ecuador.

Geologically, the upper basin of the Puyango River is formed by andesite rocks and
tuffs associated with oxides and sulfides. This area exhibits three phases of mineralization:
(i) quartz—pyrite—chlorite-hematite, (ii) quartz—pyrite—chalcopyrite, and (iii) polymetallic
quartz rich in galena, sphalerite, and galena-chalcopyrite. Due to its geological resources,
the region undergoes intense mining activity and treatment of gold and silver ores [17].
However, mining operations carried out near rivers have resulted in the degradation
of natural resources caused by illegal discharges of highly polluting mining waste. In
addition, inadequate waste management has resulted in the accumulation of MELs, mainly
composed of tailings and abandoned galleries in the area [19,25]. Consequently, these sites
have become potential sources of environmental contamination [16,28,29].
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2.2. Sampling Campaign and Laboratory Tests

The sampling campaign collected samples from eight tailing dams; seven were identi-
fied as abandoned and inactive [19] and one as active—a community tailing dam receiving
waste from different mineral recovery processes (from various mineral benefit plants).
The sampling points were strategically located near the Calera River and the Puente de
Buza-Pifias road, intersecting Zaruma, Portovelo, and surrounding Pifias (Figure 1). The
samples were collected manually using shovels at depths of 30 to 40 cm. In addition, several
samples were taken from the same tailing dam to obtain a composite and representative
sample of the tailing material, according to the methodology proposed by Smith [30].

The laboratory analyses included physical, chemical, and mineralogical characteriza-
tion of the samples. Particle size characterization was performed to identify the percentage
of fine materials in the samples in accordance with the American Society for Testing and
Materials (ASTM) standards. A portion finer than 0.075 mm was obtained by washing
the material in a No. 200 sieve, per the ASTM D-1140 reference standard [31]. The por-
tion retained in the 0.075 mm mesh was dried and analyzed based on the ASTM D-422
Standard [32], using sieves including No. 10 (2 mm), No. 16 (1.18 mm), No.30 (0.6 mm),
No. 50 (0.3 mm), No. 100 (0.15 mm), and No. 200 (0.075 mm). The pH was measured with a
HACH HQ40D multi-parameter meter in the supernatant of deionized water and tailing
solution (L/S: 1/1). For the determination of Cd, Co, Ni, Mo, Sb, Se, and Pb, an Agilent
7700X Inductively Coupled Plasma Mass Spectrometer (ICP-MS) was used, while for As,
Cr, Cu, V, and Zn, an Inductively Coupled Plasma Optical Emission Spectrometer (ICP-
OES) from Perkin Elmer® (Chatsworth, CA, USA) model AVIO 500, was employed [33].
Sample digestion was performed with four acids (HNO3;-HCI-HClO4-HE at concentra-
tions of 69-70%, 36.5-38%, 69-72%, and 48-50%, respectively). The limits of detection
(LoDs) for the analyzed PTEs were As = 4 mg/kg, Cd = 0.01 mg/kg, Co = 0.01 mg/kg,
Cr = 3.33 mg/kg, Cu =2.67 mg/kg, Mo = 0.06 mg/kg, Ni = 0.01 mg/kg, Pb =0.02 mg/kg,
Sb = 0.004 mg/kg, Se = 0.01 mg/kg, V = 6.67 mg/kg, and Zn = 0.41 mg/kg. The analysis
used reference materials NCS DC 73,303 Rock and NCS DC 73,507 Ore for quality control.
The mineralogical characterization to determine the content of mineral species was carried
out using a Bruker Model D2 Phaser 2nd Gen diffractometer.

2.3. Statistical Analysis and Data Processing

Descriptive statistics were used to observe trends in the data set. The relationships
among the PTEs were evaluated through Spearman’s correlation coefficient. In addition,
principal component analysis (PCA) was applied to investigate and extract the most
significant groups that have a greater contribution to the variance [34]. Statistical analysis
was performed with Statgraphics v19 software. For the processing of spatial information
and the generation of maps, Geographic Information System software ArcMap 10.8.1
was used.

2.4. Pollution Assessment

The contamination index (IC) (Equation (1)) allowed the assessment of hazards associ-
ated with the presence of PTEs in mining tailings [35]. This indicator provides information
on the geochemical composition of the soil and determines whether the presence of PTEs
results from natural processes or anthropogenic contamination [9,36].

1 G

ic=1 [Zi_l Bi] 1)

where C; is the concentration of each analyzed element in the sample, B; is the soil back-
ground level for element i, and n is the number of elements where the concentration in the
tailings is greater than the respective B;. The B; values (mg/kg) used in this study were
As (4.7), Cd (1.1), Co (6.9), Cr (42), Cu (14), Mo (1.8), Ni (18), Pb (25), Sb (0.62), Se (0.7),
V (60), and Zn (62) [37]. The IC value was interpreted according to the following assess-
ment scale: very low contamination potential (1 < IC < 3.5), low contamination potential
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(3.5 < IC < 6.5), moderate contamination potential (6.5 < IC < 10), high contamination
potential (10 < IC < 15.6), and very high contamination potential (IC > 15.6) [35].

2.5. Risk Assessment

A risk assessment was carried out applying the methodology proposed by the Spanish
Geological Survey [36], considering the scenario of polluting effluents affecting surface
waters. The risk for this scenario was determined through the risk index (Ry), which results
from multiplying the probability index (I,) by the severity index (Is). The probability index
(Ip) was calculated by using Equation (2), considering factors such as proximity to water
bodies (Pr), toxicity of mining wastes (Frox), and unprotected surfaces (Fsp). The valuation
criteria of Pr are shown in Table 1. Fyox was obtained from the average hazard quotient
(AHQ) (Equation (3)), where X is the measured element concentration in the mining waste
leachate using the U.S. Geological Survey Field Leaching Test method (USGS FLT) [38],
MPL; corresponds to the maximum allowable content of element ;, and n is the number of
elements for which the concentration measured in the leachate is higher than the maximum
permissible level. Table 1 provides the criteria for determining Pr, Frox, and Fsp values
using Equations (2) and (3).

I, = Pr X Frox % Fsp (2)
1 n X
AHQ = —x}) 7 NMPL, (3)

Table 1. Assessment criteria of parameters for the probability index (I,) determination.

Parameter Criteria Value

D <50m Pr=1.0

Proximity factor to water bodies (Pr) 50 <D <500 m Pr=-0.0022 x D + 1.1
D > 500 m Pr=0.0

.. AHQ < 400 Frox =0.0125 x AHQ
Toxicity factor (Frox) AHO > 400 Frox =5

% SEX <2ha Fsp =0.5 % SEX

Unprotected surface factor (Fsp) Spx > 2 ha Fep = 1

* Considering a surface of tailing deposit without vegetation. Sgx = exposed area of the tailing deposit in ha;
D = distance from tailing deposit to water bodies; AHQ = average hazard quotient.

On the other hand, the severity index (Is) evaluated the effects of contamination
on the population (PO) and the natural environment (NA) through Equations (4) and
(5), respectively. I for the population (Is(PO)) considered the factor of the population
exposed to toxic elements (Pgx), the exposure factor for the population (Fsyp.po), and the
vulnerability factor of the exposed population (Vp). Is for the natural environment (Is(NA))
relied on the environmental exposure factor (Fsyp.na) and the ecological vulnerability factor
(Vg). Table S1 shows the criteria used in assessing each factor, using Equations (4) and (5).

IS (PO) = OSPEX + 0~5(FSUP—PO X VP) (4)

Is(NA) = Fsyp.na X VE (5)

Both in the probability index (I},) and the severity index (Is), five categories are defined:
very low (>0 I,/Is < 1), low (>1 [, /L5 < 2), moderate (>2 I, /15 < 3), high (>3 1, /15 < 4),
and very high (>4 1, /Is < 5). The risk of affectation (Ry) on the population (Ry(PO)) and the
natural environment (Rj(NA)) was obtained by multiplying the probability of occurrence
(Ip) and the severity of the consequences (Is). This resulted in a three-degree scale based
on the I, X Is product: low risk (0 < Ry < 5), moderate risk (6 < Ry < 15), and high risk
(16 < Ry < 25).
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3. Results

This section focuses on the results of the physical-chemical characterization of the
eight tailing samples (PM-01 to PM-08). It also encompasses the findings related to the index
of contamination (IC) and the risk assessment (R;) for the ecosystem and the population.
These results aim to pinpoint the tailing dam posing the most substantial contamination
potential for both the environment and human populations.

3.1. Physical-Chemical Characterization

Regarding the physical characterization, it was observed that the average percentage
of material finer than 0.075 mm was 49%, while the remaining percentage corresponded
to sand size (Figure S1 in Supplementary Material). From an environmental point of
view, smaller particle size means a greater surface area exposed to contact with water
and oxygen, which favors sulfide oxidation processes [39] and, therefore, increases the
likelihood of generating acid mine drainage (AMD) [40]. From a geotechnical perspective,
a high percentage of material passing through the 0.075 mm sieve may cause structures to
become less resistant to shear forces and foster the formation of saturated pockets, which
can lead to rupture processes with a consequent release of PTEs into the environment [41].

Table 2 shows the pH values and total concentrations of the analyzed elements in the
tailing samples (also see Table S2). The pH values ranged from 2.60 to 7.30, indicating
acidic conditions in 75% of the analyzed samples. Conversely, the concentrations of trace
elements, represented by the median (50th percentile), showed a decreasing behavior:
Pb>As>Cu>2Zn>V >S5b>Cr > Co > Ni > Se > Mo > Cd. Sample PM-08 presented
the highest PTE content, mainly of Zn, Pb, As, and Cu. However, the pH value for this
sample was 7.30, suggesting that the solubilization of these elements may not occur in the
short term.

Table 2. PTE concentration (mg/kg) and pH values in tailing samples.

Parameter MPL 2 PM-01 PM-02 PM-03 PM-04 PM-05 PM-06 PM-07 PM-08
pH 6-8 6.4 4.5 29 3.0 32 2.6 33 7.3
As 12 23.6 129.6 4612 344.7 3940 418.1 470.3 5772
Cd 0.5 0.7 0.2 1.1 0.7 3.3 3.9 0.5 96.2
Co 10 23.0 6.9 22.1 11.6 14.9 2.8 24 429
Cr 54 88.3 31.3 75.6 25.1 63.5 26.3 43.6 454
Cu 25 64.9 119.9 1679 583.4 812.6 515.2 279.2 1834
Mo 5 3.0 3.0 1.0 4.6 25.8 7.6 10.5 5.1
Ni 19 424 6.2 19.6 6.7 154 3.1 6.7 23.3
Pb 19 374 178.7 85.9 584.4 699.1 1353 474.2 6196
Sb - 14.6 253 93.8 36.7 156.9 166.1 72.8 78.7
Se 1 1.2 10.9 5.5 14.1 9.7 54 9.8 7.3
\Y% 76 158.9 92.9 246.8 98.9 114.9 68.7 76.2 132.1
Zn 60 106.8 141.8 148.4 196.3 332.8 589.2 113.1 18,392

@ Maximum permissible limit according to Ecuadorian regulations [42].

The concentrations of PTEs were compared with the MPL corresponding to the soil
quality criteria outlined in Ecuadorian regulations [42]. Among the eight analyzed samples,
the concentrations of As, Cu, Pb, Se, V, and Zn exceeded the MPL, representing a potential
risk of environmental pollution. As was the contaminant of most significant concern, with
concentrations in the tailings exceeding the MPL up to 481 times, followed by Pb and Zn,
which exceeded the limits by over 300 times. To a lesser extent, Cu (up to 70 times the
MPL), Se (up to 14 times the MPL), and V concentrations (up to 2 times the MPL) were also
identified. Comparison with background values (Bis) [37] revealed significant enrichment
of the analyzed elements resulting from mining activities. Notably, As emerged as one
of the most concerning contaminants, surpassing Bis by up to 1228 times. These results
align with previous studies conducted since the early 20th century in the upper basin of the
Puyango River [17,29], which have consistently reported high concentrations of PTEs from
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mining activities. This environmental impact has even resulted in cross-border effects with
Peru [20]. Studies by Tarras-Wahlberg et al. [16] and Appleton et al. [43] highlighted the
influx of PTEs stemming from mining activities into the Puyango River Basin system before
1999, causing the water and sediments of the rivers in the area to be contaminated with
toxic elements. Research carried out in the area has reported high levels of Pb (0.16 mg/L)
in the water of the Puyango River [26], as well as concentrations of As, Cd, Cu, Pb, and
Zn that exceed up to 3567 times the MPL in water and up to 740 times the recommended
PTE limits in sediments within the vicinity of mineral processing plants along the Calera
and Amarillo Rivers [44]. The upper reaches of the Puyango River Basin have displayed
the most significant contamination, which has spread to the middle and lower parts of
the basin [22]. Despite numerous studies and reports in the area, there has been a lack of
timely intervention to mitigate the effects of contamination. Consequently, potentially toxic
elements have accumulated in the soils, rivers, and sediments of the area over the years.
This situation is exacerbated by MELs (mainly abandoned tailing deposits), which continue
to release and mobilize toxic substances into the environment [25].

3.2. Mineralogical Characterization

The mineralogical analysis showed that quartz (SiO;) is the predominant mineral species
in the analyzed samples (Figure S2). This finding corresponds to the gold ore prevalent in
the area, found in quartz veins associated with sulfides, mainly pyrite, chalcopyrite, spha-
lerite, and arsenopyrite. Jarosite (KFe3*3(S04)2(OH)g), gypsum (CaSO4-2H,0), muscovite
(KA, (AlSi3019)(OH),), goethite (FeO(OH)), and chamosite (FeZ*, Mg)sAl(AlSizO1)(OH)g)
were also identified, albeit in lesser proportions. These secondary minerals are known
as byproducts of AMD-forming processes [39]. Of notable concern is the presence of
sulfates, such as jarosite, in 75% of the samples, considering that the formation of this
mineral indicates the oxidation of primary sulfides and a significant rise in acidity [45,46].
Therefore, this mineral can be a potential source of AMD [47]. In conjunction with gypsum
and jarosite, the prevailing hot and arid climate conditions could favor the formation of
efflorescent salts, known to retain PTEs [48-50]. Dissolving these salts in the presence
of rainfall could release acidity and toxic elements [46,51], causing severe environmental
damage. This process may result in the direct release of PTEs, such as As, Cd, Pb, and other
toxic substances associated with the minerals in the region [24,52], triggered by the acidity
induced by sulfide oxidation within the waste material.

3.3. Statistical Analysis

Spearman’s correlation was used to assess the relationships among the studied PTEs.
The high correlation between certain PTEs can be explained due to the presence of geo-
logically associated minerals in the area, leading to their co-occurrence and therefore a
high correlation. This occurs when minerals containing these metals were formed under
similar conditions or deposited together during specific geological processes. In addition to
geological processes, mining processes, such as mineral extraction and processing, can lead
to the release of various metals/metalloids in tailings [53,54]. If extraction and treatment
processes are similar for different minerals, it is likely that the metals/metalloids associated
with these minerals are also present in similar proportions, resulting in a high correlation.
Another factor, such as cross-contamination during milling processes, flotation, or other
separation methods, may result in the presence of various metals/metalloids in similar
concentrations in the tailings. This could be due to the difficulty of completely separating
the different metals during ore processing.

Table 3 and Figure S3 shows the results of the Spearman correlation. Regarding
the correlation of the PTEs with the pH, the results obtained showed a non-significant
correlation. On the other hand, the following pairs of variables showed strong positive
correlations for As-Cu and Pb-Zn (p-values < 0.05, r > 0.90); for Cd-Zn, Co-Ni, Co-V, Cr-Nj,
and Ni-V (p-values < 0.05, 0.80 < r < 0.90); and for Cr-V, Cd-Cu, and Cu-Zn (p-values < 0.05,
0.70 < r < 0.80). The high correlations between some elements agree with the mineralogical
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species present in the study area. While As and Cu are associated with copper sulfide
minerals such as chalcopyrite or arsenopyrite, Cd, Cu, Pb, and Zn are commonly found in
sulfides such as sphalerite or galena [55,56].

Table 3. Spearman correlation matrix for the PTEs measured in tailing samples.

PTE As Cd Co Cr Cu Mo Ni Pb Sb Se v In
Cd 0.67

Co 0.29 0.43

Cr 0.19 0.05 0.64

Cu 0.90 * 0.76 * 0.43 0.05

Mo 0.26 0.33 —0.33 -0.19 0.12

Ni 0.26 0.17 0.83 * 0.86 * 0.21 —-0.17

Pb 0.52 0.74 —0.05 —0.48 0.57 0.64 —0.29

Sb 0.67 0.74 —0.14 —0.10 0.62 0.48 —0.26 0.62

Se —0.05 —0.40 —0.40 —0.62 0.05 0.10 —0.45 0.14 —-0.24

\Y% 0.26 0.17 0.88 * 0.79 * 0.36 —0.50 0.86 * —0.40 —-0.19 0.36

7n 0.62 0.88 * 0.19 -0.33 0.76 * 0.36 -0.19 0.90 * 0.71 0.00 —0.12

pH —0.07 —0.19 0.48 0.36 —-0.17 —0.05 0.57 —0.07 —0.62 0.02 0.29 —-0.21

* p-values < 0.05.

Regarding principal component analysis (PCA), four principal components (PCs) were
extracted with eigenvalues > 1, of which PC1 explains 44.20% of the variance, while PC2,
PC3, and PC4 explain 25.70%, 15.20%, and 8.60% of the variance, respectively (Table 4). In
PC1, the elements with the greatest weight in the variance in decreasing order are Co, Cd,
Zn, As, Cu, and Pb. Se and Pb had significant loading in PC2, while in PC3 and PC4, the
elements with the greatest contribution to the variance were Sb and Mo, and Mo and Nij,
respectively. These results suggest that the clustering of the data is related to sources of
common origin. Additionally, significant loadings on the same component could indicate a
correlation between the mobility of the analyzed elements [55].

Table 4. Principal component analysis (PCA) of PTE concentrations in tailing samples.

Parameter PC1 PC2 PC3 PC4
As 0.368 0.089 0.313 —0.232
Cd 0.371 0.242 —0.176 0.169
Co 0.418 —0.064 —0.100 0.035
Cr 0.164 —0.478 0.228 0.126
Cu 0.363 0.111 0.190 —0.420
Mo —0.061 0.175 0.558 0.382
Ni 0.238 —0.416 —0.074 0.338
Pb 0.343 0.306 —0.141 0.210
Sb 0.022 0.219 0.614 0.111
Se —0.156 0.379 —0.068 —0.387
\Y% 0.233 —0.377 0.136 —0.481
/n 0.370 0.241 —0.190 0.163
Eigenvalues 5.304 3.084 1.824 1.033
% of variance 44.20 25.70 15.20 8.60
Cumulative % 44.20 69.90 85.10 93.70

3.4. Contamination Index

The results indicate potential environmental contamination in the studied area. Sample
PM-01 presented a low index of contamination (IC = 4.56) followed by sample PM-02 with
a high index of contamination (IC = 13.14), while the remaining samples exhibited a very
high IC, ranging from 25.20 to 178.50 (Figures 2 and S4 and Table S3). Specifically, six out of
the eight analyzed tailing dams present an increased risk of environmental contamination.
The elements that contributed the most to the IC were As and Sb (between 56 and 89%) for
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the samples PM-01 to PM-07, while in sample PM-08, the main contribution to the IC was
As (57%), followed by Zn (14%) and Pb (12%) (Table S4).

100

Very high
High
Moderate
— Low
0.1 I

PM-01 PM-02 PM-03 PM-04 PM-05 PM-06 PM-07 PM-08

—_
o

Log(IC)

—_

. As . Cd mm Co Cr mm Cu Mo
— Ni = Pb . Sb I Sc v [Vl

Figure 2. Contamination index calculated for tailing samples.

The results of this study are consistent with those of Guzmén-Martinez et al. [9], who
reported high to very high IC levels (ranging from 11 to 220) in several abandoned tailing
dams across different regions of Spain. Similarly, in the Riotinto Mining District in Spain,
Arranz-Gonzalez et al. [48] documented IC values > 13 in an abandoned sulfide tailing
area, showing high contamination potential in the ecosystem.

3.5. Risk Assessment

The risk assessment showed low values (R < 5) for both the population and the natural
environment (Table 5 and Figure S5). Despite the high content of PTEs in the samples
analyzed, the low Ry values were attributed to the distance (D > 50 m) separating the tailing
dams from potential receptors (the population or natural environment). This distance
directly influenced the likelihood of contamination occurrence, resulting in an almost
negligible probability (I, < 1). Similarly, the risk index for the ecosystem was virtually
insignificant (Ry < 0.25). Another contributing factor to the I;, outcome was the exposed
surface area of the tailing dams. However, an exception was observed for tailing dam PM-08,
where the exposed area was less than 1 ha. As a result, the severity index of the population
I(PO) rated medium to high, falling within the range of 2 < I;(PO) < 4, considering an
exposed population (n > 40) in 75% of the sampled sites. On the other hand, regarding
population exposure to contaminants (Fsyp-po), it remained below one due to the distance
(D > 300 m) separating the population from the tailing dams. Consequently, this factor,
linked with the population’s vulnerability—especially in terms of water for recreational use,
fishing, and irrigation—significantly influenced the severity index calculation. Regarding
the effects of tailing dams on the natural environment, a moderate vulnerability factor was
found in the ecosystem, considering the presence of surface water bodies with a deficient
ecological status. In terms of the exposure of natural resources to contaminants (Fsyp-na),
a value < 1 was observed due to the distance between the tailing dams and the rivers or
streams in the area (40 < D < 1300 m). Finally, the severity of the consequences of waste
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deposits on the natural environment, akin to the population, resulted in medium to high
values with 2 < I;(NA) < 3.

Table 5. PTE concentration (mg/kg) in tailing samples.

Sample I,? I;(PO) b I;(NA) ¢ R;(PO) 4 RI(NA)¢  Risk Level
PM-01 0.067 3.406 3.00 0.229 0.202 Low
PM-02 0.015 2.892 2.94 0.043 0.044 Low
PM-03 0.002 0.000 2.82 0.000 0.006 Low
PM-04 0.000 0.000 2.45 0.000 0.000 Low
PM-05 0.081 2.870 2.93 0.232 0.237 Low
PM-06 0.086 2.899 291 0.251 0.251 Low
PM-07 0.015 2.892 2.94 0.043 0.044 Low
PM-08 0.000 3.119 2.22 0.000 0.000 Low

2 Probability index; P severity index of the population; © severity index of the natural environment; ¢ risk to the
population; € risk to the environment.

4. Discussion

This research has allowed us to identify and characterize PTE contamination in mining
tailings in the southern area of Ecuador, highlighting the prevalence of heavy metals such
as As, Pb, Zn, and Cu. The parameters determined in this study, such as PTE concentrations
and pH, are essential to assess the risk to both humans and wildlife. The concentration of
PTEs in environmental compartments provides critical information on direct and indirect
exposure to these contaminants and on exposure pathways for wildlife and populations.
Furthermore, bioaccumulation rates and transfer factors are useful for understanding how
these PTEs move through the food chain, affecting both animals and humans [57,58].

A relevant finding in this study is that the distance from the pollution source (in this
case, tailing deposits) to potential receptors is a key protective factor, especially for human
populations [36,58]. However, this concept may not be as relevant for wildlife, which can
move freely through contaminated areas. Therefore, it is crucial to consider additional
parameters that consider the mobility and behavior of animals [4,8,59].

The significant correlation between certain PTEs, such as As-Cu and Pb-Zn, suggests
the co-occurrence of these elements due to geological and mining extraction processes. This
information is vital for designing more effective mitigation strategies, as it allows the most
dangerous pollutants and their sources to be identified and prioritized.

The results of this study are consistent with previous research in other geographic
contexts, underlining the universality and persistence of this environmental problem in
abandoned and/or poorly managed mining areas. Guzman-Martinez et al. [9] reported
high to very high levels of contamination in several abandoned tailing deposits in different
regions of Spain. Similarly, Arranz-Gonzalez et al. [48] documented very high levels of
contamination in abandoned mining areas in Riotinto, Spain. China is one country facing
significant challenges due to the release of potentially toxic elements (PTEs) from mining
and metallurgical activities. In 2017, China documented approximately 174 contaminated
sites within its provincial capitals [60]. Specifically, the city of Hechi in Guangxi Province
has experienced health risks for residents due to inadequate mining waste management,
resulting in the presence of elements such as As and Cr [61]. Likewise, the Dahuangshan
mining area, with abandoned mining facilities, has reported a high potential ecological
risk attributed to elevated levels of As and Cd [62]. Similar research conducted by Chen
et al. [59] in Shangluo, in Shaanxi Province, revealed potential ecological risks due to As soil
pollution in an abandoned tailing deposit of the mining area. Furthermore, studies such as
those by Uugwanga and Kgabi [63] in Namibia, particularly in areas like Klein Aub, have
also analyzed tailings from abandoned mining sites, identifying significant contamination
levels. In Slovakia, old mining areas have been designated as highly contaminated due to
As, Cu, and Zn [64]. Despite the cessation of mining operations several years ago, these
areas continue to pose a risk to the environment and the population. This shows the long-
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lasting environmental impact caused by PTEs, characterized by their toxicity, persistence,
and capacity to bioaccumulate in the environment.

In this sense, this study highlights the need for continuous evaluation and monitoring
of mine tailing deposits to mitigate the risks of PTE contamination. Management strate-
gies must incorporate both physical and chemical parameters, as well as ecological and
human health factors, to effectively address environmental challenges and protect affected
communities.

4.1. Implications for Public Policies and Sustainability

The management of mine tailing deposits requires comprehensive and sustainable
policy action to mitigate environmental risks and protect public health [25]. It is crucial
to implement policies that promote safer and more sustainable extraction and waste man-
agement practices [65,66]. These policies must include the following: (a) regulation and
compliance, establishing strict regulations that govern the disposal of mining waste and
promote rigorous compliance to prevent contamination; (b) continuous monitoring and
evaluation, implementing continuous environmental monitoring programs to evaluate the
quality of water, soil, and air in areas near tailing deposits. This will allow changes in con-
tamination levels to be identified and timely corrective measures to be taken; (c) education
and awareness, raising awareness among local communities about the risks associated
with PTE exposure and promoting responsible consumption practices of natural resources;
(d) restoration of contaminated sites, developing effective remediation and restoration
strategies for contaminated areas to reduce long-term environmental impacts and restore
the functionality of affected ecosystems.

To move towards sustainability in mine tailing management, it is essential to encour-
age interdisciplinary research and international collaboration. This includes the exchange
of best practices and innovative technologies for the treatment of mining waste and the
mitigation of environmental impacts. Furthermore, a continued commitment is required
from governments, the mining industry, and civil society to address these challenges effec-
tively and ensure long-term sustainable development. In summary, the study highlights
the importance of integrating environmental, social, and economic considerations in the
management of mining-related deposits, with the aim of protecting vulnerable ecosystems
and ensuring the health and well-being of affected communities.

4.2. Rehabilitation and Remediation of Abandoned Tuiling Dams

Rehabilitation involves restoring altered areas to achieve ecological stability, following
a predefined plan to prevent further environmental damage. There are various alternatives
for rehabilitation and remediation of disturbed lands, such as abandoned tailing deposits.
Some of these alternatives use geosynthetic materials, vegetation, and soil encapsulation,
as in Arranz-Gonzalez et al. [67]. Figure 3 illustrates a remediation and rehabilitation
proposal for the abandoned tailing areas highlighted in this study. The proposal consists of
both physical and chemical stabilization. Physical stabilization aims to prevent potential
slope failures. For the tailing dams requiring stabilization, a suggested approach involves
benching through cut and fill techniques, as depicted in Figure 3a. Conducting a thorough
slope stability analysis utilizing numerical and conventional methods during this phase is
recommended. For chemical stabilization (Figure 3b), the aim is to avoid the generation
of AMD by inhibiting the sulfide oxidation process. As the analyzed tailing deposits
are considered potential long-term AMD sources, isolating the reactive materials from
oxygen and water is necessary. Therefore, approximately 30 cm thick compacted clay
soil should be placed on top of the contaminated material, covered by a high-density
polypropylene geomembrane. This will allow a good seal and almost zero permeability. In
addition, to facilitate drainage and prevent any pressure from filtered water, a thin layer
(15 to 20 cm) of limestone and granular material, such as gravel, should be placed on top of
the geomembrane. Finally, a 15 cm layer of vegetal or organic soil must be placed over this
granular layer, facilitating vegetation growth.



Resources 2024, 13, 105

12 of 16
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Figure 3. Proposal for rehabilitation and remediation that includes (a) physical and (b) chemical
stabilization of the mining tailings.

Implementing measures to control runoff and prevent erosion caused by precipita-
tion is equally crucial. This involves constructing perimeter channels around the tailing
deposits and incorporating coronation and drainage ditches at the foot of the slope. In the
same way, establishing an effluent collection system should be considered to manage any
leachates due to groundwater levels. Regularly monitoring groundwater levels in the tail-
ing area and controlling the water’s physical and chemical parameters are recommended.
Continuous monitoring of the growth of the implemented vegetation is also essential.
It must be considered that while a management proposal is presented, the effectiveness
of the rehabilitation strategies relies on the local climate, topography, surface hydrology,
plant growth environment, and the nature and magnitude of the disturbance, according
to Butler et al. [68]. Hence, the process requires meticulous planning and adherence to
defined compliance parameters.

5. Conclusions

This study evaluated the potential contamination and associated risks posed by eight
tailing dams in the Puyango River Basin. The results indicated that concentrations of As,
Pb, and Zn in all analyzed samples exceeded the MPL by over 300 times. The IC showed a
very high contamination potential in six out of the eight samples, with values exceeding the
maximum limit (IC > 14) and with As, Cu, Pb and Sb as the PTEs with the most significant
contribution. Risk assessment for the population and natural environment yielded very
low values for both scenarios, mainly due to the distance between the tailing dams and the
receptors. Even though the studied tailing dams represent a low risk for the population
and natural environment, it is important to note potential long-term risks. The high PTE
concentration in the environment and the local weather conditions can lead to acid drainage
generation or mobilization of fine particles due to wind. The absence of an environmental
and territorial management plan exacerbates this concern, potentially leading to different
risk scenarios in the future. The insights provided in this study contribute to developing
strategies for managing abandoned or inactive tailing dams and operational ones in the
area. Future studies should conduct a detailed assessment of water and soil quality in the
tailing dam environment and focus on bioavailability and contaminant mobility for a more
comprehensive understanding.
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