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ABSTRACT

Acid mine drainage (AMD), owing to its high content of potentially toxic elements (PTEs), impacts ecosystem
health through the contamination of tributary rivers. This study evaluates the spatial and temporal distribution
of arsenic (As), lead (Pb), and cadmium (Cd) in the surface waters and AMD of the Lake Uru Uru watershed,
a Ramsar site within the Oruro mining district (Bolivia), and quantifies the associated pollution and ecological
risk. A total of 27 surface-water samples were collected during the wet and dry seasons, and their concentrations
along with basic water-quality parameters were examined. Results revealed that the three PTEs were highly
elevated, with maximum concentrations of As 12.80 mg/L (wet season), Pb 37.80 mg/L at a site near the mine
(dry season), and Cd 4.18 mg/L (dry season), all exceeding international safety thresholds. Principal component
analysis (PCA) explained 70.3 % of the variance in the first two components (PC1 = 49.4 %, PC2 = 20.9 %),
separating urban mining-impacted sites (CT-01, CR-01) from rural sites. The ecological risk index indicated
100 % of sites exhibited high to extremely high risk, with CT-01 and RH-02 (near the mine) most affected dur-

ing the dry season.

Keywords: acid mine drainage, Ramsar site, potentially toxic elements, ecological risk.

INTRODUCTION

Acid mine drainage (AMD) poses a seri-
ous environmental problem associated with the
extraction of mineral resources (Canovas et al.,
2018). Generated by the oxidation of sulfide min-
erals, it persists over time and exhibits low pH
and high concentrations of dissolved potentially
toxic elements (PTEs) (Jiao et al., 2023). It con-
taminates surface water bodies, groundwater, and
soils, where these PTEs are then redistributed
through ion exchange, adsorption, and co-pre-
cipitation (Bu et al., 2024). Documented cases in
the U.S. and Europe alone exceed 21,500 km of
impacted watercourses (Caraballo et al., 2011), a

figure that likely represents a conservative base-
line of the true global extent.

In Latin America, widespread mining along
the Andean polymetallic belt makes AMD-related
contamination a major regional concern (Di Mar-
zio et al., 2019). In these areas, rivers, streams,
and wetlands act as primary receptors of waste
derived from open-pit mining, and its accumu-
lation drives progressive ecological degradation
(Sun et al., 2020). In mining-adjacent urban cen-
ters, AMD mixes with municipal sewage through
open drainage channels (Spellman et al., 2024),
generating complex pollutant matrices with se-
vere environmental and public health implica-
tions. Downstream, Ramsar-designated wetlands
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are especially vulnerable, as their biodiversity
and nutrient cycling functions are essential for
the well-being of adjacent communities (Rodri-
guez-Saldafia et al., 2026). These dual pressures
converge in Andean cities such as Oruro, Bolivia,
where centuries of polymetallic mining continue
to affect both urban and rural aquatic systems
(Rosenberg and Stalhammar, 2010). Lake Uru
Uru therefore constitutes a representative case
of the broader challenge faced by Ramsar-desig-
nated wetlands downstream of active mining dis-
tricts worldwide.

Among the suite of contaminants associated
with AMD, lead (Pb), cadmium (Cd), and arsenic
(As) pose the most significant toxicity risks, even
at trace levels (Shetaia et al., 2023). Their persis-
tence and bioaccumulation potential make them
especially concerning in aquatic systems (Galas-
so et al., 2025). Lead bioaccumulates in aquatic
organisms, inducing oxidative stress, neurotoxic-
ity, and immune dysfunction that impair repro-
duction (Zhang et al., 2024). Cadmium, in turn,
accumulates in gills, liver, and kidneys, causing
genotoxic damage (Chen et al., 2021), whereas
arsenic biomagnifies along aquatic food webs
(Aslam et al., 2024). Furthermore, PTEs have
already been detected in endemic birds that use
Ramsar wetlands as feeding and breeding habitats
(Rochaet al., 2021). In humans, chronic exposure
to these PTEs correlates with nephrotoxicity, neu-
rodevelopmental impairment, and carcinogenesis
in populations residing near contaminated water
bodies (Saravanan et al., 2024).

Despite their ecological importance, high An-
dean wetlands in Bolivia have received limited
scientific attention and rank among the country’s
most vulnerable ecosystems. Lake Uru Uru and
Lake Poopd form a hydrologically linked lacus-
trine complex within the Titicaca—Desaguadero—
Poopo—Coipasa (TDPS) system (Pillco Zola and
Bengtsson, 2006). Both lakes are jointly desig-
nated as a Ramsar Wetland of International Im-
portance (Site No. 1181), encompassing 967,607
ha at over 3600 m above sea level (a.s.l.) (Min-
isterio de Medio Ambiente y Agua, 2015). The
system supports exceptional biodiversity within
the Puna ecoregion, providing refuge for 76 bird
species, including the three Andean flamingo spe-
cies (Chilean, Andean, and James’s flamingos)
and other endemic and vulnerable taxa (Coca
Ignacio et al., 2024). It also sustains indigenous
communities such as the Quechua San Agustin de
Pufiaca Ayllu, whose livelihoods depend directly
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on these water resources (Goudsmit Lambertin,
2021). Despite this protected status, the system
functions as a terminal sink for AMD, untreated
urban wastewater (Fonttrbel et al., 2011), and
mining waste, a situation compounded by limited
regulatory enforcement (Zamora Echenique and
Calvo Vaca, 2021), illegal land occupation (La
Patria, 2025), and stormwater drainage from the
city of Oruro (Contraloria General del Estado,
2025). Because Lake Uru Uru integrates AMD
inputs from urban and rural mining sources un-
der a strongly seasonal semi-arid hydrological
regime, it constitutes a representative model sys-
tem for understanding PTE mobilization dynam-
ics common to other seasonally dry, high-altitude
mining-affected watersheds.

Studies on PTE contamination in the Lake
Uru Uru system remain limited (Tapia et al.,
2012), particularly with respect to seasonal sur-
face-water monitoring across urban drainage
channels, tributary rivers, and downstream rural
areas affected by AMD. This gap is important be-
cause PTE concentrations in semi-arid terminal
basins can vary substantially between wet and dry
periods (Banks et al., 2004), influencing dilution
capacity, PTE mobility, exposure pathways, and
ecological risk (Yao et al., 2014). Therefore, as-
sessing this urban—rural gradient across different
seasons is necessary to reveal patterns of mining-
related contamination that generate distinct risks
for both environments.

Accordingly, this study aimed to: (1) de-
termine the concentrations and spatiotemporal
distribution of As, Pb, and Cd in surface waters
along the urban—rural mining gradient of Lake
Uru Uru; (2) assess pollution levels using the
single-factor pollution index (Pi) and the Nem-
erow multi-factor index (Pn); and (3) evaluate
ecological risk using the potential ecological risk
index. These findings address a critical monitor-
ing gap for this Ramsar-designated wetland and
provide a framework for assessing surface waters
affected by AMD.

MATERIALS AND METHODS

Study area

This research, was conducted in the polyme-
tallic mining-affected region of Oruro (17°58’S,
67°07°W), Bolivia, at an elevation of 3735 m
above sea level (Fonturbel et al., 2011). According
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to the 2024 Population and Housing Census, the
city of Oruro has a population of 571,471 (ap-
proximately 5.02% of Bolivia’s total population)
(Instituto Nacional de Estadistica [INE], 2024).
The city records an annual precipitation of 400
mm, with 280 mm (70%) concentrated between
December and April. During the dry season,
spanning from May to October, monthly values
fall below 5 mm (Ferrari et al., 2025). The city’s
proximity to multiple mining centers in both ur-
ban and rural zones represent a significant risk
factor for PTE dispersal, primarily through un-
treated AMD discharged into open street canals
and adjacent surface water bodies (Quaghebeur
et al., 2019). These effluents ultimately drain into
the Ramsar-designated wetland system of Lakes
Poopé and Uru Uru (Zamora Echenique and Tru-
jillo Lunario, 2016), which constitutes the termi-
nal receptor of this contamination gradient. A to-
tal of nine sampling sites were established across
this hydrological network; detailed descriptions
are provided in Table 1.

Sample collection and analysis

Samples were collected during three cam-
paigns conducted in April, July, and September
2025 at the designated sampling sites (Figure 1),
covering both wet and dry seasons. Surface water
sampling was conducted across nine sites along
a gradient from the urban mining environment of
Oruro, upstream of Lake Uru Uru, to the rural
area downstream. During September (dry sea-
son), CT-01 showed low flow, sediment buildup,
and elevated suspended solids due to limited

dilution. Winchester bottles were used for sam-
pling; these were decontaminated by immersion
in 10% nitric acid (HNOs3), followed by rinsing
with distilled water and drying prior to use. In the
field, the containers were rinsed with the sample
prior to collection. For each site and campaign,
three separate 50 mL samples were collected, one
for each target element (As, Pb, Cd), at a depth of
8—15 cm below the water surface and preserved
with 1 mL of concentrated HNOs. Additional in
situ physicochemical parameters were also mea-
sured at each station, including pH (HANNA
HI98107), electrical conductivity (EC), and total
dissolved solids (TDS) (HANNA HI98312). All
instruments were calibrated prior to each sam-
pling campaign. The samples were transported
under refrigerated conditions and stored at 4 °C
until digestion and analysis. PTE concentrations
were determined by flame atomic absorption
spectrometry (FAAS) on a PerkinElmer AAna-
lyst 200 instrument at the accredited Analytical
Service Laboratory of the Institute of Chemical
Research, Universidad Mayor de San Andrés
(IQ-UMSA). Method detection limits were 1.0
mg/L for As and 0.1 mg/L for Cd; Pb concentra-
tions exceeded the limit of quantification in all
analyzed samples. Sample concentrations below
the LOD were assigned values equal to one-half
the LOD (Helsel, 2006) prior to statistical and
index-based analyses. Although conventional
FAAS has limited sensitivity for As at trace lev-
els, the method was suitable for quantifying the
severe AMD-related contamination observed
in the mg/L range. The R software was used to
treat the results for statistical analysis, including

Table 1. Coordinates and descriptions of the sampling locations

Site Coordinates Code Description

Urban zone

1 17°56°28.7” S, 67°06°36.7” W CT-01 Urban and AMD-influenced; “Copajira” canal.

2 17°57°03.8” S, 67°05'45.7" W CR-01 Urban and AMD-influenced; final section of Tangarete Norte canal.

18°02'23.5” S, 67°05'14.1” W | PTRLU-01 |Urban, WWTP and AMD-influenced; upstream of Lake Uru Uru.

romsoesaromrn | e | S i o
Rural zone

5 18°09°'27.1” S, 67°04'54.0" W BP-01 Pumpulaya Bay; Southern part of Lake Uru Uru.

6 18°09°'56.5” S, 67°04'59.7” W BP-02 Pumpulaya Bay; Southern part of Lake Uru Uru.

7 18°09'53.5” S, 66°58'51.98” W RH-01 AMD tributary to downstream of Lake Uru Uru; Huanuni River.

8 18°09'39.3” S, 66°59'53.6” W RH-02 AMD tributary downstream of Lake Uru Uru; Huanuni River.

9 18°21'41.6” S, 67°02’50.3” W RD-01 AMD-influenced; Desaguadero River.

Note: AMD — acid mine drainage; WWTP — wastewater treatment plant.
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Spearman rank correlation and principal compo-
nent analysis (PCA), and the Figures 1, 2 were
created with Python using the Matplotlib and
Seaborn libraries.

Environmental risk assessment

Pollution index

To assess contamination by PTEs in surface
waters, the single-factor pollution index (Pi) and
the Nemerow index (Pn) were employed (Li et
al., 2018). The former measures the contamina-
tion level of each individual PTE and is calcu-
lated as follows:

Py =— (1)

where: P, is the pollution index of element i, C,
is its measured concentration (mg L),
and B, is the reference standard for that
element.

To ensure consistency across all indices used
in this study, B, was set to the maximum allow-
able values (MAV) defined under the Portu-
guese/European legal framework for water qual-
ity (Decree-Law No. 236/98) (0.05, 0.05, and

0.005 mg L for As, Pb, and Cd, respectively),
rather than WHO drinking-water guideline val-
ues (World Health Organization, 2022), which
are markedly more conservative and would arti-
ficially saturate the upper classes of the ecologi-
cal risk index (RI) in this context. These values
were adopted in the absence of nationally en-
forced maximum permissible limits for the stud-
ied water body. Using a single MAV across Pi,
Pn, MI, and RI avoids this artifact and enables
direct comparison among indices.

The Nemerow index provides an integrat-
ed assessment of contamination by multiple
PTEs, while giving greater weight to the pol-
lutant with the highest individual pollution in-
dex. This approach, which is widely applied in
environmental assessments (Chen et al., 2015),
is defined as:

P = max(P;)? -2I- ave(P;)? @)

where: P is the individual index of element i,
max(Pi) the maximum value among all
P, and ave(Pi) their average.

The classification criteria for P and P are de-
tailed in Equation 3.
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Figure 1. Location of the study area and monitoring points: (a) Oruro, Bolivia,
(b) Poop6 Basin and the Lake Uru Uru Ramsar Site in Oruro, (¢) Location of sampling sites
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Figure 2. Photographs of the sampling sites grouped into urban-influenced sites (top row)
and rural sites (bottom row)

C(Pi)=
Unpolluted, Pi <1,
Slightly polluted, 1 < Pi<2,
Moderately polluted, 2 < Pi <3,
Highly polluted, 3 < Pi <5,
Very highly polluted, Pi > 5,

C(Pn) =
Safe, Pn < 0.7,
Precaution, 0.7 <Pn<1,
Slight pollution, 1 < Pn <2,
Moderate pollution, 2 < Pn <3,
Heavy pollution, Pn > 3.

)

Potential ecological risk

Potential ecological risk was assessed using
the potential ecological risk index (RI) (Hékan-
son, 1980). The RI was calculated by summing
the individual ecological risk factors (Eri) for the
three PTEs:

3
R1=ZE;'=ZT,§-C} 4)

i=1 i=1

where: the summation is performed over the three
PTEs analyzed in this study (As, Pb, and
Cd). Tri is the toxicity response coefficient
of each element, as defined by Hakanson

(1980) (As=10,Pb=5, Cd =30), and C}
is the contamination factor, obtained by
dividing the field-measured concentration
(C ;l) by the reference value (MAV), such
that Cf = C%/MAV;.

The ecological risks associated with PTEs,
based on RI wvalues, were classified into four
categories:

(D RI <150, slight ecological impact;

(IT) 150 <RI <300, moderate ecological impact;
(IIT) 300 < RI < 600, high ecological impact; and
(IV) RI > 600, extremely high ecological conse-
quences (Hakanson, 1980).

RESULTS AND DISCUSSION
Seasonal variability and water quality

Figure 3 summarizes the spatiotemporal varia-
tion of pH, electrical conductivity (EC), water tem-
perature, and total dissolved solids (TDS) across
the urban—rural sampling gradient during the three
monitoring campaigns: April, July, and Septem-
ber. These parameters provide the hydrochemical
context for interpreting PTE mobility and seasonal
concentration patterns. Overall, the figure shows
marked site-to-site contrasts and seasonal changes,
distinguishing AMD-affected acidic waters with
elevated ionic content from more neutral to alka-
line waters in lacustrine and downstream areas.

481



Journal of Ecological Engineering 2026, 27(11), 477-491

Site CT-01, which directly receives AMD
in the urban area, maintained an average pH of
1.81 + 0.14 across the three campaigns, indicat-
ing severe acidification and consistent with the
range previously reported for this channel (pH
1.2-2.5; Tapia et al., 2020). In contrast, PE-01,
a peripheral site without direct AMD influence,
showed pH values between 5.67 and 8.83. CR-
01 and PTRLU-01 exhibited intermediate but
more variable pH (2.43-6.15 and 4.80-6.93,
respectively), with CR-01 becoming strongly
acidic during the dry season (September). In
the rural zone, RH-01 and RH-02, both AMD-
affected tributary sites, also exhibited extremely
acidic values, with pH ranging from 2.42-2.73
and 2.39-2.85, respectively. This likely reflects
the long-term influence of the Huanuni tin (Sn)
mining complex, which has operated for more
than a century (Tapia et al., 2012). RD-01, locat-
ed on the Desaguadero River, presented neutral
to alkaline pH (6.40—8.26), whereas the most al-
kaline value was recorded at BP-02, a lacustrine
sampling point in Lake Uru Uru, with a value
of 10.23 in April. This alkaline extreme, also re-
flected at the adjacent BP-01 (pH 7.16-9.58), is
consistent with an evaporative concentration ef-
fect previously documented for this area of the
lake (station UU12), associated with the elevated
salinity of these waters (Sarret et al., 2019).

Water temperature ranged from 12.0 °C to
26.9 °C, with the lowest values in July and the
highest in September, particularly at the shallow
lacustrine sites BP-01 and BP-02. The highest
EC of the study was recorded at CT-01 in July
(>20 mS/cm), saturating the multiparameter
probe. At the same site, the September sample

—— pH -—- T(°C)

was analyzed by a certified external laboratory,
which reported a TDS of 37.1 g/L; this extreme
ionic load is attributable to the combination of
untreated AMD, urban discharges, and low-flow
conditions. Elevated values were also observed
at PE-01 (8.66 g/L in July) and PTRLU-01 (9.50
g/L in September). In contrast, RH-01 presented
the lowest TDS (0.62 g/L) in April, while RH-
02 recorded the lowest EC (1.31 mS/cm) in the
same period. Overall, EC and TDS followed the
expected seasonal pattern of ionic concentration
under low-flow conditions during the dry season
and dilution during the wet season, most evident
at the AMD-affected urban sites.

All measured PTE concentrations, together
with the physicochemical parameters recorded at
each site and campaign, are summarized in Table
2. The concentrations of As, Pb, and Cd exceeded
the maximum allowable values (MAV) adopted in
this study (0.05 mg/L for As and Pb; 0.005 mg/L
for Cd) (Gomes and Valente, 2024) in all quanti-
fied samples and campaigns. At AMD-impacted
sites, concentrations were markedly amplified
during the dry season, likely driven by reduced
dilution capacity and intensified evapoconcentra-
tion under Altiplano semi-arid conditions (Liu et
al., 2022). Values below the detection limit for As
and Cd were substituted with half the correspond-
ing detection limit (Sojka and Jaskuta, 2022).

At CT-01 in the urban zone, Pb increased
51-fold between April (0.74 mg/L) and Septem-
ber (37.80 mg/L), while Cd increased 26-fold
(0.164.18 mg/L). At CR-01, Pb rose 17.5-fold
(0.81-14.20 mg/L) and Cd 20-fold (0.14-2.81
mg/L), consistent with the progressive transfer
of the AMD signature from the urban source
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Figure 3. Physicochemical parameters (pH, EC, temperature, and TDS) in surface waters during:
(a) the wet season, (b) the moderate-dry season, and (c) the dry season
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Table 2. PTE concentrations and physicochemical parameters in surface water across the three sampling campaigns

Parameter | Month | CT-01 | CR-01 |PTRLU-01| PE-01 | BP-01 | BP-02 | RH-01 | RH-02 | RD-01
Apr <1 <1 1.44 <1 <1 10.80 6.80 12.80 <1
As (mg/L) Jul <1 1.20 3.75 3.35 3.52 1.72 2.12 <1 3.05
Sep 7.40 6.20 7.10 11.50 7.30 <1 7.50 2.90 8.70
Apr 0.74 0.81 0.75 0.69 0.67 0.95 0.98 22.10 0.76
Pb (mg/L) Jul 19.30 2.64 2.28 2.24 2.10 1.95 2.08 2.05 1.89
Sep 37.80 14.20 5.78 3.20 3.80 3.30 2.20 3.60 5.98
Apr 0.16 0.14 <0.10 <010 | <0.10 | <0.10 0.19 0.23 <0.10
Ccd (mg/L) Jul 2.54 0.56 0.36 0.12 0.14 0.10 0.94 1.52 0.11
Sep 4.18 2.81 0.42 0.16 0.38 <0.10 2.02 1.62 0.11
Apr 185 16.9 185 16.9 15.6 15.0 13.8 16.5 16.8
T(°C) Jul 16.5 12.7 16.1 145 20.7 195 12.0 12.9 15.9
Sep 20.9 17.0 23.2 21.4 25.8 26.9 22.8 233 16.5
Apr 1.98 6.15 6.25 6.23 7.57 10.23 2.55 2.39 6.40
pH Jul 1.73 4.49 6.93 8.83 9.58 9.79 2.73 2.85 7.88
Sep 1.73 2.43 4.80 5.67 7.16 8.35 2.42 2.56 8.26
Apr 18.91 8.99 8.46 10.90 4.57 474 1.36 1.31 2.07
Enf)(mS/ Jul | >20.00% | 824 1.69 16.92 8.91 9.10 1.90 1.97 3.29
Sep 12.79 11.37 6.22 14.45 5.28 5.61 2.04 2.23 459
Apr 9.71 4.20 3.93 5.37 2.28 2.24 0.62 0.66 1.03
TDS (g/L) Jul | >10.00~ | 4.09 4.32 8.66 4.34 4.01 0.97 0.97 1.36
Sep 37.10* 5.65 9.50 4.05 2.71 2.81 1.02 1.30 2.32

Note: Values below the limit of detection (LOD): As < 1 mg/L; Cd < 0.10 mg/L. For pollution and ecological-
risk index calculations, values < LOD were substituted by half the LOD. * Value determined by certified external
laboratory analysis. ** Value exceeds the instrument’s measurement range.

toward the receiving channel as the dilution flow
decreases (Romero et al., 2025). PE-01 recorded
Pb (0.69-3.20 mg/L) and Cd (<0.10-0.16 mg/L)
concentrations lower than at urban AMD sites
but still above regulatory limits, indicating that
even peripheral surface waters in Oruro present
PTE contamination (Fonturbel et al., 2011). The
highest PTE concentrations were systematically
recorded at CT-01, consistent with its proximity
(~1 km) to the central urban mine.

In the rural zone, Pb, Cd, and As remained el-
evated across the three campaigns at the Huanuni
River sites (RH-01 and RH-02), reflecting con-
tinuous AMD input (Aucour et al., 2026). During
the wet season, RH-02 recorded the highest Pb
and As concentrations among the sampled sites,
with values of 22.10 mg/L and 12.80 mg/L, re-
spectively. Downstream, the Desaguadero River
(RD-01) reached As concentrations of 8.70 mg/L
and Pb of 5.98 mg/L in September, a water body
on which rural communities depend for irriga-
tion and livestock. At Pumpulaya Bay (BP-01
and BP-02), As concentrations ranged from <I

mg/L to 10.80 mg/L, Pb from 0.67-3.80 mg/L,
and Cd from <0.10 mg/L to 0.38 mg/L. Although
lower than at direct AMD sites, these values still
exceeded environmental quality limits. Consis-
tently, sediment-focused studies in Lake Uru Uru
have documented elevated As, Pb, Cd, and Sb
concentrations (Tapia et al., 2012).

The overall distribution of PTE concentra-
tions grouped by urban and rural zones across the
three sampling campaigns is presented in Figure
4, illustrating the higher variability and elevated
levels observed at urban sites, particularly for Pb
and Cd during the dry season. Previous studies
have reported for decades that AMD from mines
enters tributary rivers and receiving water bodies
(Anawar, 2013), altering the ecosystem due to its
persistent and dispersive nature, with concentra-
tions linked to the seasonality of precipitation. In
Andean wetlands, such as the study area (Ramsar
site), PTEs represent significant ecological risks
(Bravo-Realpe et al., 2023), and the seasonal in-
tensification of Pb and Cd observed here at AMD-
impacted sites, driven by reduced dilution and
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dry-season evapoconcentration, mirrors patterns
reported in other seasonally dry mining water-
sheds. In the semi-arid Puna of NW Argentina,
AMD from the Pan de Azicar mine, at a compa-
rable elevation and connected to another Ramsar
wetland, shows an analogous cycle: dry-season
evaporation forms metal-rich salts later mobilized
with the wet-season onset (Murray et al., 2021).
Similar dry-season concentration maxima have
been documented in the Tharsis mining district,
Spain (Moreno Gonzalez et al., 2020), and the as-
sociated “first flush” of acidity and metal load after
the first rains has been reported in Mediterranean
sulfide-mining districts (Caraballo et al., 2016).

Correlation analysis results

Statistically significant correlations among
PTEs can indicate a common source or shared
geochemical pathways (Luo et al., 2022). Spear-
man rank correlations were computed on site-lev-
el means (n = 9) across the three seasonal cam-
paigns. The Spearman rank correlation matrix
among PTEs (As, Cd, Pb) and physicochemical
parameters (pH, temperature, EC, TDS) is shown
in Figure 5. Cd and Pb exhibited a positive corre-
lation (p = 0.65, p = 0.058), indicating a possible
common source or similar geochemical behav-
iour. In contrast, pH and Cd showed a significant
negative correlation (p = —0.88, p < 0.01). The
lower the pH, the higher the content of Cd in the
water, indicating that Cd in the water of the Lake
Uru Uru tributaries is related to AMD. AMD in-
creases the solubility of PTEs (Tapia et al., 2012),

facilitating the release and transport of Cd** ions
in surface waters. Pb showed a moderate negative
trend with pH (p =—0.43), consistent with the ex-
pected dissolution of Pb under acidic conditions.

TDS and EC exhibited a strong and statisti-
cally significant positive correlation (p = 0.88, p <
0.01), which reflects the physicochemical coher-
ence of the dissolved ionic load measurements.
As concentrations did not show significant cor-
relations with Cd, Pb, or pH, which suggests that
As may originate from a different source than the
polymetallic AMD inputs. This is possibly related
to the natural geochemical background of As in
the region, which has been reported as consider-
ably elevated (Tapia et al., 2020).

Principal component analysis

Principal component analysis (PCA) was ap-
plied to the physicochemical parameters and PTE
concentrations (pH, EC, TDS, As, Pb, and Cd)
measured at each site-campaign observation (n
= 27; nine sites X three seasonal campaigns), to
explore the main multivariate gradients describ-
ing water-quality variability across the urban—ru-
ral sampling network; see Figure 6. All variables
were standardized (zero mean, unit variance)
prior to analysis. Non-detect values were sub-
stituted with one-half the limit of detection (As
<1 mg/L; Cd < 0.10 mg/L), and measurements
exceeding the instrument’s detection range (EC
and TDS at CT-01 in July) were assigned the up-
per instrument limit (20.00 mS/cm and 10.00 g/L,
respectively), consistent with Table 2. The first
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Pb and Cd were consistently higher in the urban zone, especially in September,
while As showed the opposite pattern in April, converging between zones by September.
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two principal components explained 70.3% of the
total variance, with PC1 accounting for 49.4%
and PC2 for 20.9%. The PCA score plot shows
that the most extreme AMD-affected samples,
particularly CT-01 in July and September, were
clearly separated from most other samples along
PC1. Additional separation along PC2 was ob-
served for some rural AMD-affected samples, es-
pecially RH-02 in April and RH-01 in September,
indicating that both site-specific contamination
intensity and seasonal conditions contributed to
the observed hydrochemical variability. Overall,
the PCA supports the visualization and distinc-
tion between highly impacted AMD samples and
the remaining urban, lacustrine, and downstream
waters. Excluding the censored CT-01 July ob-
servation from a sensitivity analysis changed the
variance explained by PC1-PC2 only marginally
(70.3% — 69.7%), with CT-01 remaining the
most extreme AMD-impacted sample along PC1,
confirming that this censoring does not affect the
study’s conclusions.

PTE POLLUTION ASSESSMENT

Figure 7 shows the results of the single-factor
pollution index (Pi) and the Nemerow pollution
index (Pn) for As, Pb, and Cd in the surface water

samples from tributaries and Lake Uru Uru. For
all sampling points, the Pi values for the assessed
PTEs exceeded 5, corresponding to the “very
highly polluted” category according to the ad-
opted classification (Luo et al., 2022), indicating
that the studied area is severely impacted by the
assessed PTEs. The Pi values increased markedly
from April to September at the urban AMD-im-
pacted sites (CT-01, CR-01), with the Pi of Pb at
CT-01 rising from 14.8 in April to 756.0 in Sep-
tember, and the Pi of Cd from 32.0 to 836.0 over
the same period. At PE-01, a peripheral urban-
influenced site, the highest Pi values appeared in
September (As = 230.0).

At the rural AMD-impacted sites (RH-01,
RH-02), the highest Pi values for Pb and As oc-
curred in April (RH-02: Pi of Pb =442.0; Pi of As
=256.0), while the highest Pi of Cd was observed
in September (RH-01 = 404.0). At RD-01, down-
stream of the Huanuni AMD inputs, the Pi values
increased gradually, peaking in September (As =
174.0; Pb = 119.6). At the lacustrine section (BP-
01, BP-02), the Pi of As reached 216.0 at BP-02
in April. Overall, contamination levels are mark-
edly elevated at all sites, posing a threat to these
water bodies.

The Pn values exceeded 3 at all sampling
points, indicating heavy pollution, with the most
extreme values at the urban AMD-impacted sites
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(CT-01, CR-01) and the rural AMD-impacted
sites (RH-01, RH-02). This suggests that the ur-
ban AMD discharges have severely affected the
upstream inflows of Lake Uru Uru (CT-01, CR-
01, PE-01) and its lacustrine area (PTRLU-01,
BP-01, BP-02), while the Huanuni AMD inputs
have impacted the Desaguadero River (RD-01),
underscoring AMD as the dominant driver of
PTE contamination across the study area.

Comparable or even higher extreme values
have been reported in AMD-impacted mining ar-
eas in China, with Pn values reaching up to 7673
(Jiao et al., 2023), as well as reported ranges of Pn
=0.90-407.49 (Xie and Ren, 2022), and Pn = 57
(Luo et al., 2022).

This indicates that such severe pollution ob-
served in tributaries of Lake Uru Uru is consistent
with patterns reported in other mining-affected
aquatic systems.

Potential ecological risk

The potential ecological risk index, origi-
nally developed by Hakanson (1980) to quantify
ecological risk from potentially toxic elements
(PTEs) in sediments, has since been widely ex-
tended to other matrices, including surface water
bodies (Banerjee et al., 2024; Dixit and Siddaiah,
2021; Hou et al., 2013; Mahmud et al., 2025).
By combining PTE concentrations with their
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toxic-response coefficients, RI provides a single
aggregated value reflecting the ecological risk of
PTE contamination in aquatic systems (Azam and
Tripathi, 2025). In the present study, this index
was applied across wet, moderate-dry, and dry-
season conditions, as these contrasting hydrologi-
cal periods are known to influence dilution capac-
ity, PTE mobility, and ecological exposure.

Table 3 presents the RI values and corre-
sponding risk classifications for all sampling sites
across the three hydrological seasons. No site ex-
hibited low (RI < 150) or moderate (150 < RI <
300) ecological risk at any point during the moni-
toring period.

In April (rainy season), PE-01, RD-01, and
BP-01 showed high ecological risk (Class III),
while CR-01, CT-01, PTRLU-01, BP-02, RH-01,
and RH-02 were classified as Class IV (extremely
high ecological consequences, RI > 600). In July
and September (moderate-dry and dry seasons),
all nine sampling sites shifted into Class IV, in-
dicating a widespread intensification of ecologi-
cal risk as hydrological conditions transitioned
toward the dry season. Based on their maximum
RI values, the sampling sites followed the order:
BP-02 < RD-01 < PE-01 < BP-01 < PTRLU-01
<RH-02 < RH-01 < CR-01 < CT-01, reflecting a
consistent contamination gradient across the three
sampling campaigns, with CT-01, CR-01, and
RH-01, RH-02, consistently exhibiting the highest
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Figure 7. Single-factor pollution index (Pi) and Nemerow pollution index (Pn) for As, Pb,
and Cd in surface waters of Lake Uru Uru and its tributaries across the three sampling campaigns

Table 3. Potential ecological risk index (RI) for sampled sites across three hydrological seasons. RI cells are

shaded by risk class
Site April July September
RI Class RI Class RI Class
PE-01 4.69 x 102 1] 1.61 x 10° I\ 3.58 x 10° I\
CR-01 1.02 x 10° I\ 3.86 x 10° I\ 1.95 x 104 \Y)
CT-01 1.13 x 10° \Y 1.73 x 10* \% 3.03 x 10* \Y,
PTRLU-01 6.63 x 102 \Y 3.14 x 10° \% 4.52 x 10° \Y,
RD-01 4.76 x 102 I} 1.46 x 10° \% 3.00 x 10° \Y,
BP-01 4.67 x 102 I 1.75 x 10° \% 412 x10° \Y,
BP-02 2.56 x 10° \Y 1.14 x 10° \% 7.30 x 10? \Y,
RH-01 2.60 x 10° \Y 6.27 x 10° \% 1.38 x 10* \Y,
RH-02 6.15 x 10° I\ 9.43 x 10° I\ 1.07 x 10* \

Note: Risk classes: I) RI < 150 (slight ecological impact); IT) 150 <RI <300 (moderate ecological impact);
IIT) 300 < RI < 600 (high ecological impact); IV) RI > 600 (extremely high ecological consequences).

values, particularly during the dry season. The ex-
tremely high ecological risk documented across
the Lake Uru Uru watershed is consistent with
values reported in other AMD-impacted surface
waters worldwide. Direct AMD discharges in the
Maramures mining region (Romania) were classi-
fied as very high to extremely strong risk, with RI
values exceeding 5000 at several sites (Miclean et
al., 2025). Similarly, a seasonal study of surface
waters draining an abandoned sulfide mine in the
Iberian Pyrite Belt (Portugal) reported ecologi-
cal risk ranging from strong to extreme across a
full hydrological year (Gomes and Valente, 2024),
and comparably severe RI values have been docu-
mented in surface waters of an abandoned pyrite
mining area in China (Jiao et al., 2023).

The presence of As, Pb, and Cd in surface
waters poses a significant ecological risk due

to their direct toxicity to aquatic organisms and
other water-dependent biota, including livestock
and endemic bird species (Osae et al., 2026).
Consequently, this contamination represents a
serious threat to both environmental and public
health, particularly within a Ramsar-designated
wetland ecosystem.

CONCLUSIONS

This study evaluated As, Pb, and Cd in sur-
face waters and AMD of the Lake Uru Uru wa-
tershed across wet to dry seasons in regions of
intensive mining activities. Most sites exceeded
the adopted MAVs, with peak levels occurring
at urban, AMD-impacted sites during the dry
season, likely due to reduced dilution. A strong
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pH—Cd negative correlation and a Cd-Pb as-
sociation suggest AMD mobilization, while
As appears linked to the natural geochemical
background in rural area. PCA separated urban
mining-impacted from rural sites, consistent
with the influence of mining-related and urban
discharges. The ecological risk index classified
most sites as high to extremely high risk, with
CT-01, RH-01, and RH-02 particularly severe;
these three sites remained in the extremely high
category throughout the monitoring period.
These results highlight the urgent need for AMD
source control and continuous monitoring, plus
targeted sediment studies at the most affected
sites. Future monitoring should broaden the
suite of analyzed PTEs beyond As, Pb, and Cd
to include additional AMD-associated elements
(e.g., Zn, Cu, Fe, Mn, Sb), enabling a more com-
prehensive characterization of contamination in
the Lake Uru Uru system.
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