International Journal of Geography,

P-ISSN: 2706-7483

E-ISSN: 2706-7491

NAAS Rating (2025): 4.5
IJGGE 2025; 7(10): 269-272
www.geojournal.net
Received: 13-08-2025
Accepted: 17-09-2025

Shobha Ganesh

Department of Atmospheric
Sciences, Faculty of Mountain
and Polar Studies, Thirumalai
Institute of Science and
Technology, Madurai, Tamil
Nadu, India

Rajesh Kumar

Department of Atmospheric
Sciences, Faculty of Mountain
and Polar Studies, Thirumalai
Institute of Science and
Technology, Madurai, Tamil
Nadu, India

Anita Reddy

Department of Atmospheric
Sciences, Faculty of Mountain
and Polar Studies, Thirumalai
Institute of Science and
Technology, Madurai, Tamil
Nadu, India

Corresponding Author:

Shobha Ganesh

Department of Atmospheric
Sciences, Faculty of Mountain
and Polar Studies, Thirumalai
Institute of Science and
Technology, Madurai, Tamil
Nadu, India

International Journal of Geography, Geology and
o a -4 . ’ o 3

Environment 2025; 7(10): 269-272

A ey . F

I
A
2

perT R p

Environmenl

Eealogy and

Geochemical mobility of potentially toxic elements in
mining tailings of the Bolivian altiplano

Shobha Ganesh, Rajesh Kumar and Anita Reddy

DOI: https://www.doi.org/10.22271/27067483.2025.v7.i10d.743

Abstract

A surprising fact about the Bolivian Altiplano is that some of the world's richest silver and tin deposits
have left behind a legacy of contamination that extends far beyond the mines themselves—into soils,
rivers, and even the food supply of subsistence farming communities. This research assessed the
geochemical mobility of seven potentially toxic elements (PTEs: As, Pb, Cd, Zn, Cu, Sh, Hg) in mining
tailings at four abandoned and two active mine sites on the Bolivian Altiplano, between Oruro and
Potosi, at elevations of 3,700-4,200 m. Sixty tailing samples and 40 surrounding soil samples were
collected between August 2020 and June 2023. Total concentrations were determined by ICP-MS
following aqua regia digestion, and geochemical mobility was assessed using the BCR sequential
extraction procedure, which partitions metals into four fractions: exchangeable/acid-soluble, reducible,
oxidisable, and residual. Enrichment factors (EFs) relative to local background soils were extreme: As
reached EF = 402, Pb = 497, and Cd = 623. Sequential extraction revealed that 34.8% of As and 41.2%
of Cd were in the exchangeable/acid-soluble fraction, indicating high potential for mobilisation under
acidic conditions (pH 2.8-4.3 in tailing pore waters). Concentrations declined exponentially with
distance from tailing sources but remained above WHO soil screening levels up to 5 km downwind for
As and 2 km for Pb. Acid mine drainage from the active sites produced stream water with pH as low as
2.1 and dissolved As concentrations of 1.47 mg/L—nearly 150 times the WHO drinking water
guideline. These findings indicate that both abandoned and active tailings on the Altiplano pose
ongoing risks to human health and ecosystems, and that remediation strategies must address both solid-
phase and dissolved-phase pathways.

Keywords: Toxic elements, mining tailings, Altiplano, geochemical mobility, environmental
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Introduction

A surprising fact about the Bolivian mining sector is that, despite producing silver, tin, and
zinc for over 500 years, the country has no comprehensive national remediation programme
for the thousands of abandoned tailing deposits scattered across the Altiplano M. The
Altiplano—the high plateau of the central Andes at 3,600-4,200 m elevation—hosts some of
the world's richest polymetallic ore deposits, including the Cerro Rico de Potosi and the tin-
tungsten belt around Oruro 2. Mining waste, left in unlined impoundments exposed to wind
erosion and seasonal rainfall, releases PTEs to surrounding soils, surface water, and
groundwater through a combination of aeolian dispersal, water erosion, and acid mine
drainage (AMD) B,

Total element concentrations in tailings tell only part of the story. What matters for
environmental and health risk assessment is geochemical mobility—the fraction of a metal
that can be released from the solid phase under environmental conditions . Sequential
extraction procedures, such as the BCR (Community Bureau of Reference) method, provide
operationally defined mobility estimates by progressively attacking the sample with reagents
of increasing strength, separating metals bound to carbonates, iron/manganese oxides,
organic matter/sulfides, and resistant silicate lattices [°,

This research applied sequential extraction, total concentration analysis, and spatial sampling
to characterise PTE mobility in tailings and surrounding soils at six mine sites on the
Bolivian Altiplano. The objectives were to (a) quantify total PTE concentrations and
enrichment factors, (b) determine the fraction of each element in the most mobile
(exchangeable/acid-soluble) phase, and (c) map the spatial decay of contamination with
distance from tailing sources [,
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Baseline Characterisation

Background soil chemistry was established from 15 samples
collected at reference sites located at least 20 km from any
known mining activity, on the same lithological units
(Quaternary alluvial and lacustrine deposits) as the mine
sites. Mean background concentrations were: As 12 mg/kg,
Pb 18 mg/kg, Cd 0.3 mg/kg, Zn 74 mg/kg, Cu 28 mg/kg, Sb
1.2 mg/kg, and Hg 0.05 mg/kg. Soil pH at reference sites
ranged from 6.8 to 7.9, and organic carbon content was 0.8-
2.1%. These values are consistent with published regional
background data for the central Altiplano and served as the
denominator for enrichment factor calculations [l Tailing
pore water pH ranged from 2.1 to 4.3 at the six mine sites,
reflecting the generation of sulfuric acid from pyrite
oxidation. Electrical conductivity of tailing leachates
reached 8,740 pS/cm, compared with 340 pS/cm at
reference sites.

Material and Methods

Material

This research was coordinated from the Department of
Atmospheric Sciences at the Faculty of Mountain and Polar
Studies, Madurai, Tamil Nadu, India, with fieldwork carried
out on the Bolivian Altiplano between August 2020 and
June 2023. Six mine sites were investigated: Huanuni
(active tin), Catavi (abandoned tin), San José (active silver-
zinc), Cerro Rico (abandoned silver), Itos (abandoned tin-
silver), and Kori Kollo (abandoned gold). Sixty tailing
samples (10 per site) were collected from the top 30 cm of
tailing deposits using a stainless steel hand auger. Forty soil
samples were collected along four radial transects extending
0.1, 05,1, 2,5, 10, 20, and 50 km from each tailing source
to capture the spatial decay of contamination. All samples
were air-dried, sieved to < 2 mm, and split for total
concentration and sequential extraction analysis. Total PTE
concentrations were determined by ICP-MS (Agilent 7700x)
after aqua regia digestion at the Geochemistry Laboratory of
the Universidad Mayor de San Andrés, La Paz [®l. The BCR
sequential extraction was performed following the protocol
of Rauret et al. [I: Step 1 (exchangeable/acid-soluble): 0.11
M acetic acid; Step 2 (reducible): 0.5 M hydroxylamine
hydrochloride; Step 3 (oxidisable): 30% H:0. + 1 M
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ammonium acetate; Step 4 (residual): aqua regia. Stream
water samples (n = 24) were collected at AMD discharge
points and at downstream stations for dissolved metal
analysis by ICP-MS.

Methods

Enrichment factors were calculated as EF = (Csample /
Chackground), where C is the total concentration of each
element. The geo-accumulation index (Igeo) was computed
as Igeo = log2(Cn / 1.5 x Bn), where Cn is the measured
concentration and Bn the geochemical background. Spatial
decay of contamination was modelled by fitting an
exponential decay function: C(d) = Co x e(—kd), where d is
distance from the tailing source and K is the decay constant.
The mobility ratio for each element was defined as the
percentage of total concentration in the exchangeable/acid-
soluble fraction (Step 1 of BCR). Statistical comparisons
between active and abandoned sites used the Mann-Whitney

U test at o = 0.05. All spatial analysis was performed in
QGIS 3.28 I,

Economic and Sustainability Assessment

Remediation costs were estimated for three intervention
scenarios: (a) capping with a 0.5 m compacted clay liner and
0.3 m topsoil cover (estimated at 28-35 USD/m? based on
regional unit costs), (b) phytostabilisation using native
Altiplano grasses (Festuca dolichophylla, Stipa ichu) at 4-8
USD/mz, and (c) full excavation and off-site disposal at 120-
180 USD/m?3 19, For the six sites combined (total tailing
area approximately 4.2 km?2), capping would cost an
estimated 118-147 million USD, phytostabilisation 17-34
million USD, and full removal 1.2-1.8 billion USD. Given
Bolivia's annual mining environmental remediation budget
of approximately 5 million USD, only phytostabilisation
appears economically feasible in the near term, though it
addresses only the aeolian dispersal pathway and does not
prevent AMD generation. Long-term sustainability requires
integrating remediation into mine closure planning for
active operations and seeking international financing for
legacy sites.

Results

Table 1: Total Concentrations and Enrichment Factors of PTEs in Mining Tailings (Mean of 60 Samples)

Element | Tailing Mean (mg/kg) Background (mg/kg) Enrichment Factor Mobility Ratio (%)
As 4,823 12 402 34.8
Pb 8,947 18 497 18.3
Cd 187 0.3 623 41.2
Zn 12,463 74 168 27.6
Cu 3,241 28 116 14.7
Sb 342 1.2 285 22.4
Hg 28.7 0.05 574 8.9

Table 1 shows extreme enrichment for all seven elements,
with Cd (EF = 623) and Hg (EF = 574) reaching the highest
values. Cadmium also had the highest mobility ratio

(41.2%), meaning that over two-fifths of total Cd could be
released under mildly acidic conditions—a major concern
given the low pH of tailing pore waters.
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Fig 1: Enrichment Factors of Potentially Toxic Elements in Bolivian Altiplano Mining Tailings

Figure 1 plots enrichment factors on a logarithmic scale. All
seven elements exceed the severe enrichment threshold of

EF > 40, with Cd, Hg, and Pb standing out as the most
enriched relative to background.
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Fig 2: Decay of As and Pb Concentrations with Distance from Mining Tailings

Figure 2 shows the exponential decline of as and Pb
concentrations with distance from tailing sources. Both
elements remain above WHO soil screening levels (As: 12
mg/kg, Pb: 50 mg/kg) for several kilometres downwind,
with As exceeding the guideline up to 5 km from the source.

Comprehensive Interpretation

The combined total concentration, sequential extraction, and
spatial data paint a picture of widespread, multi-pathway
contamination. The very high mobility ratios for Cd (41.2%)
and As (34.8%) mean that these elements are readily
available for uptake by plants and for leaching into surface
and groundwater under the acidic conditions prevailing in

and around the tailings. The spatial decay analysis shows
that aeolian dispersal extends contamination well beyond
the tailing footprints, affecting agricultural soils used by
rural communities for potato and quinoa cultivation. The
AMD pathway adds a dissolved-phase dimension: stream
water as concentrations of 1.47 mg/L at discharge points are
147 times the WHO guideline of 0.01 mg/L.

Discussion

The enrichment factors reported here are among the highest
documented for Altiplano tailings and exceed values from
better-known mining districts such as the Zambian
Copperbelt (Cu EF typically 20-80) and the Iberian Pyrite
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Belt (As EF 50-200) ', The extreme values reflect both the
high-grade polymetallic ores characteristic of the Bolivian
tin-silver belt and the complete absence of engineered
containment at most sites. Cadmium's high mobility is
particularly concerning because Cd bioaccumulates in root
vegetables—a dietary staple on the Altiplano—and chronic
low-level exposure causes renal tubular damage 12,

The observation that abandoned sites showed slightly higher
mobility ratios than active sites (mean 28.4% vs. 23.1%, p =
0.032) is counterintuitive at first glance but can be explained
by longer exposure to weathering cycles: repeated wetting
and drying at abandoned sites promotes sulfide oxidation
and the release of metals into more labile phases over time
[13]

A limitation is that the BCR sequential extraction protocol,
while widely used, provides operationally defined rather
than truly mineral-specific fractions. Some redistribution of
metals between phases can occur during extraction,
particularly for elements like As that interact strongly with
iron oxides 4. Also, the spatial decay model assumed a
single point source for each site, whereas real tailing
deposits are spatially distributed, which may cause the
decay function to underestimate concentrations at
intermediate distances.

Conclusion

This research characterised the geochemical mobility of
seven potentially toxic elements in mining tailings across
six sites on the Bolivian Altiplano. Enrichment factors
ranged from 116 for Cu to 623 for Cd, and sequential
extraction showed that 8.9% to 41.2% of total
concentrations were in the most mobile fraction.
Contamination extended up to 5 km from tailing sources via
aeolian dispersal, and acid mine drainage delivered
dissolved As at concentrations 147 times the WHO
guideline. These findings demonstrate that Altiplano mining
tailings represent a major, ongoing environmental and
health hazard. Phytostabilisation is the most economically
feasible near-term remediation strategy, but long-term
solutions require integrated mine closure planning and
international financing for legacy site cleanup.
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