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ABSTRACT

A large amount of Hg is used for gold extraction through the amalgamation process in the Apolo-
bamba gold mining area located in the northwest part of La Paz, Bolivia. This mining operation may
produce a very serious impact on the ecosystems, as well as on the health of miners and inhabitants,
mainly due to the primitive methods used in the gold recovery. The objective of this work was to
characterize the potential contamination of total Hg in soils, sediments, water, and plants in a mi-
ning area of Bolivia. Results showed that there was atmospheric deposition of Hg in the study area.
Accumulation of this metal in the studied soils and sediments was one of the highest in the world,
but Hg in aquatic solution was below the detection limit of the analytical method of the studied
lakes and rivers. The highest concentration of Hg was found in the river sediments of the Sunchulli-
Viscachani (102 mg kg'), and in the sediments of Sunchulli and Viscachani lakes (12.3 and 11.7 mg
kg, respectively). These concentrations may pose a serious problem for aquatic life, related ecosys-
tems and human health. Therefore, there is a need to study Hg availability and speciation in soils and
sediments to better understand the cycling of Hg in the area.

RESUMEN

Una gran cantidad de Hyg se utiliza para la extraccion de oro mediante el proceso de amalgamacion en la zona
minera de Apolobamba, localizada al noroeste de La Paz, Bolivia. Este tipo de actividad puede estar generando
un impacto muy grave tanto para los ecosistemas, como para la salud de los mineros y habitantes de la zona, princi-
palmente debido a los métodos poco tecnificados utilizados en la recuperacion del oro. El objetivo de este estudio fue
caracterizar la contaminacion potencial que supone la presencia de Hg tfotal en suelos, sedimentos, agua y plantas.
Los resultados mostraron que existia una deposicion atmosférica activa de Hg. La acumulacion de este metal en los
suelos y sedimentos estudiados fue una de las mds altas a nivel mundial; sin embargo, el Hg en la solucion acuosa
estuvo debajo del limite de deteccion del método analitico utilizado en los lagos y rios estudiados. La mayor con-
centracion de Hg se encontrd en los sedimentos del Rio Sunchulli-Viscachani (102 mg kg™) y en los sedimentos de
los lagos Sunchulli y Viscachani (12,3 y 11,7 mg kg™, respecz‘ivamente). Estas concentraciones pueden suponer un
grave problema para los animales acudticos, los ecosistemas asociados y la salud humana. Por lo tanto, existe una
urgente necesidad de estudiar la biodisponibilidad y la especiacion del Hg en suelos y sedimentos para comprender
mejor el ciclo del Hg en esta drea.
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RESUMO

Na zona mineira de Apolobamba, localizada a Noroeste de La Paz, utilizam-se grandes quantidades de Hg no
processo amalgamagdo para extracgdo de ouro. Este tipo de actividade pode ser responsavel por graves impactos quer
para os ecossistemas quer sobretudo para a saiide dos mineiros principalmente devido as tecnologias pouco avanga-
das que sao utilizadas na recuperagdo do ouro. O objectivo deste estudo foi a potencial contaminagdo que pressupoe
a presenga de Hg total nos solos, sedimentos, dgua e plantas. Os resultados obtidos mostraram a existéncia de uma
deposicao atmosférica activa de Hg. A acumulagio deste metal nos solos e sedimentos estudados foi uma das mais
elevadas a nivel mundial; contudo, os teores de Hg na solucio aquosa encontrrvam-se abaixo do limite de deteccio
do método analitico utilizado, para os lagos e rios estudados. A maior concentragdo de Hg foi detectada nos sedi-
mentos do rio Sunchulli-Viscachani (102 mg kg™) e nos sedimentos dos lagos Sunchulli e Viscachani (12,3 y 11,7
mg ég’l, re:pecti‘vamente). Estas concentragoes sugerem graves prob/emas para as espe’cie: aqua’licas, ecossistemas
associados e saiide humana. Existe assim, uma necessidade urgente de estudar a biodisponibilidade e especiacio do
Hyg nos solos e sedimentos, para melhor compreender o ciclo do Hg nesta zona.
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1. Introduction

The “Apolobamba Integrated Management Na-
tional Area (ANMINA)”, located in the northwest
part of the Department of La Paz, Bolivia, is a
very important gold mining region. Currently, gold
is extracted using a Hg amalgamation technique
that represents a highly economical and practical
technique since 1556 (Enriquez 2001). Hg amal-
gamation is based on the formation of a gold-Hg
alloy which is subsequently heated to volatile Hg
to obtain pure gold. Unfortunately, this method
leads to massive Hg contamination in the mining
area (Ramirez and Teran, 2002).

More than 40 000 tons of Hg were disseminated
in the environment during the colonial time in Bo-
livia (Enriquez 2001). At least 25-50 tones of Hg
per year are discharged in the environment in Bo-
livia (Ministerio de Mineria Metalurgia de Bolivia
1993). In addition, the use of firewood of diverse
plant species as fuel for heating ovens caused a
successive deforestation and degradation of the
region (Ramirez and Teran, 2002).

The studied area has around 100 mining cooper-
atives and they are all located in alluvial plains in
the Andean Bolivian Plateau. Mining operations
use very primitive equipment and are carried out
mostly by women and children. Miners work at
night and even in abandoned mines in order to
be able to survive (Enriquez 2001). The houses
are located next to the mines and along the river.
The inhabitants of these areas consume fish from
the lakes and rivers, and they use the waters for
the livestock, domestic purposes, and irrigation.

Studies were first initiated during the 1980s to
determine the environmental impact of the min-
ing activities. In 1993, the National Secretary of
the Environment (SENMA) carried out an evalu-
ation of the mining and industrial sectors in Bo-
livia and concluded that the main impacts on the
environment derived from the mine activity were:
consumption of exhaustible and scarce resourc-
es (land use, removal of minerals, and water use);
transformation of the landscape; pollution of sur-
face water, groundwater and soils; and accumu-
lation of solid wastes and emissions of dust con-
taining heavy metals that can contaminate water
and soils (Enriquez 2001). Recent exploratory
studies also found significant Hg contamination
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in sediments, river waters and other water bodies
(Maurice-Bourgoin et al. 2001), and fish (Alanoca
and Maurice-Bourgoin 2000).

Although previous research efforts pointed out
the importance of determining the most suit-
able preventive measures in the area (Alanoca
and Maurice-Bourgoin 2000; Maurice-Bourgoin
et al. 2001), local and national authorities have
had great difficulties controlling the mining op-
erations. This is due to the isolated occurrence
of many small cooperative mines, the absence
of serious efforts by qualified staff, and the lack
of infrastructures. All of these factors collectively
contributed to the development of the present
critical environmental conditions.

Hg is among the most highly toxic trace metals
in the food chain and many national and interna-
tional agencies and organizations are interested
in developing methods for its possible emission
control (Horvat et al. 2003). Hylander et al. (1994),
studying the Hg content of the Pantanal ecosys-
tem in Brazil, indicated that Hg originated in the
amalgamation process showed higher bioavail-
ability than Hg naturally present in soil minerals.
These authors found that catfish (Pseudo-plat-
ystoma coruscans) had a Hg content above the
limit for human consumption (0.5 ppm w.w.) and
significantly above the natural background level.

Hg transfer and transport in watersheds are well
understood (USEPA, 2000). The elemental Hg
(Hg® can travel from its source to the final re-
ceptor following a multi-step sequence, which
includes emission to the atmosphere, transporta-
tion and deposition. Travnikov (2005) studied the
dispersion of Hg in the atmosphere of the North-
ern hemisphere, and suggested that the contribu-
tion of external anthropogenic and natural sourc-
es to Hg deposition to different continents varies
from 30 % to 70 % of the total value. This author
concluded that the contribution of the interconti-
nental atmospheric transport of Hg is comparable
with that of regional pollution even in industrially
developed regions of the Northern hemisphere.

In general, Hg is believed to be relatively inert
with a strong volatility under most atmospheric
conditions (Zang-Ho et al. 2005). Thus, Hg® is not
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easily oxidized to less volatile forms by the ma-
jor oxidants (O,, OH, etc.); so its residence time
is estimated in the range of 1-2 years (Lindquist
and Rhode 1985).

Recent estimates of global anthropogenic emis-
sion of Hg are in the range of 2 000-2 600 Mg yr'
(Pirrone et al. 1996; Pacyna and Pacyna, 2002;
Pacyna et al. 2006). The global oceanic emission
is estimated to be 800-2 600 Mg yr' (Bergan et
al. 1999; Mason and Sheu, 2002; Lamborg et al.
2002) and the global natural terrestrial emission
is estimated to be 1 000-3 200 Mg yr' (Lindberg
et al. 1994; Bergan et al. 1999; Shia et al. 1999;
Mason and Sheu, 2002; Lamborg et al. 2002; Sei-
gneur et al. 2004). These estimates give a global
natural Hg emission of 1 800-5 800 Mg yr'.

The objective of this work was to determine the
total Hg in soils, sediments, plants, and waters in
three selected areas affected by gold mining in
comparison to regulatory threshold levels.

Apolobamba MDE
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T

2. Material and Methods

Study area and sites descriptions

The study area is located in the protected area
of “Apolobamba”, 68° 30-69° 20" west and 14°
40°-15° 10’south, La Paz Province, Bolivia. Three
different gold mining districts affected by Hg
pollution (Campo, 2003) were selected for our
study: Sunchulli-Viscachani, Katantica, and Su-
ral (Figure 1).

In order to determine the extension of Hg pollution
in the study area, soil, sediment, water and plant
samples were collected. In addition, for compar-
ing surface Hg with subsurface Hg concentration,
and therefore evaluating atmospheric deposition,
soil profiles were selected and sampled. Each
soil, sediment, water, and plant sample was col-
lected in triplicate and mixed in the field.

Soil samples were taken using a soil spade,
with the caution of avoiding contamination be-
tween samples, cleaning the spade before use
for each sample. Soil samples were taken be-
tween 0 to 15 cm depth. Sediment samples were

T ranan wee sndlmand
& il pradils
A b ing co e

._i_. — 4]

Figure 1. Sampling map and location of the three studied areas. Surface soil samples
were collected around the lakes and mining cooperatives (not shown in the map).
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taken using a long spade, in order to take the
samples separated from the river or lake shore
and as closer as possible to the center of the
river bed, and as far as possible from the lake’s
shore. Plant samples from the same species
were taken and stored in polyethylene bags with
some holes to avoid water condensation and
putrefaction. They was pressed and dried for its
identification.

Soil and sediment samples were stored in poly-
ethylene bags, while water samples were stored
in hydrochloric acid washed high-density poly-
ethylene bottles. All samples were stored at 4
°C and water samples were kept in light dark
conditions using opaque bottles prior to sample
preparation and analysis.

e The Sunchulli-Viscachani area

Four soil profiles were sampled in the Sun-
chulli-Viscachani area. Soil profiles were
classified according to the World Reference
Base (WRB 2006): a Fibric Histosol (Profile I),
an Haplic Cambisol (Profile Il), and two Hap-
lic Regosols (Eutric) (Profile Il and V) (Table
1). Profile | (formed by three horizons: H1
(0-12 cm), H2 (12-23 cm), and R (>23 cm))
and Profile Il (formed by four horizons: H (0-9
cm), Ah (9-24 cm), Bw (24-40 cm), and C/R
(>40 cm)) were located 6 km northwest from
Sunchulli Lake and 18 km from the main min-
ing operation site, in the north face side of
the mountain range (Figure 1). These profiles
were sampled to find out whether there was
a long distance atmospheric deposition of
Hg in the area. Profile Il (formed by four ho-
rizons: Ah (0-11 cm), AC (11-22 cm), and C
(>22cm)) and Profile IV (formed by four hori-
zons: Ah (0-12 cm), C1 (12-32 cm), 2C2 (32-
54 cm), and 2C3 (>54 cm)) were located less
than 500 m from the main mining operation
site.

Three surface soil samples were taken
around Sunchulli Lake (0-15 cm depth), lo-
cated 5 km northwest from the main mining
operation site. In order to evaluate the ac-
cumulation of Hg on the water bodies bed,
seven sediment samples were taken: three in
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Sunchulli Lake, two in Viscachani Lake, and
four in the Sunchulli River (two upstream and
two downstream a discharge point). Seven
water samples were collected in the same lo-
cation where the sediments were taken: three
from the Sucnhulli Lake, two from Viscachani
Lake, and two from the Sunchulli River. The
most abundant plant species (Aciachne sp.)
growing in the main mining operation area
was sampled, including roots and aerial
part. This species is the most common plant
growing in the Pycnophyllum grasslands
from Bolivia (Seibert, 1993; Mufioz and Faz,
2009), which is dominant in the Apolobamba
highlands. Two mine residual samples from
a pyramidal pile of 5x6 m base and 2 m high
close to the mining operation area were col-
lected; also three soil samples were sampled
from this site for analysis.

e The Katantika area

The Katantica area is located in the north part
of the Apolobamba gold mine area, close to
the Sural, and includes three different rivers:
the Pelechuco River, the biggest one, the
Turcos River, and the Rayo Rojo River. The
mining activity in this area, like in the other
areas, is principally associated with gold ex-
traction but in this case the extraction is car-
ried out from two different materials: aurifer-
ous grey quartz and alluvial deposits coming
from upstream and located at the bottom of
the rivers.

In the Katantika area, a soil profile (Profile I),
formed by two horizons: Ah (0-42 cm) and C
(> 42 cm) and located 1 km from the mining
operation, was studied and classified as an
Haplic Umbrisol (WRB, 2006). Two sediment
samples in the Katantika Lake and four in
the Pelechuco River (two samples upstream
and two downstream a discharge point) were
collected. Six water samples were taken at
the same point than the previous sediments
and finally, one mine solid residue from three
pyramidal piles of 3x4 m base and 1 m high
close to the mining operation area was col-
lected. In addition, a sediment sample and a
water sample were also collected in a small
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stream draining from the main Katantika
mining operation area.

¢ The Sural area

The smallest gold mining area included in this
study, the Sural area, is located in the north-
west part of Apolobamba. In this region the
principal gold extraction is from alluvial de-
posits in the lower part of the river, and the
gold distribution is controlled by the sediment
structure affected by surface runoff. Profile |,
formed by two horizons: Ah (0-9 cm) and R (>
9 cm), and Profile I, formed by the horizons
H (0-27 cm) and R (> 27 cm), were taken 5
km southeast from the Sural Lake and 1 km
east from the Sural River, and were classified
as a Lithic Leptosol and a Fibric Histosol, re-
spectively (WRB, 2006). Two superficial soils
located 1 km from the mining operation area,
two sediments, and two water samples were
collected in the Sural Lake. One water sample
in the Sural River was also taken. Finally, one
plant sample (Aciachne sp.), including roots
and aerial part, was collected in the shore of
the Sural River.

Analytical treatment

Soil samples were dried at 30 °C for 24 h, passed
through a 2 mm steel sieve, and grounded with a
mechanical agate mortar (Retsch RM 100) for 10-
15 min before analyses. Sediment samples were
dried and grounded but not sieved because they
were composed of particles less that 2 mm. Plants
were washed with deionized water, oven-dried at
70 °C for 48 hours and grounded for Hg analysis.

Soils and sediments were characterized for:
pH (Peech 1965), organic carbon (Anne 1945;
Duchafour 1970), total nitrogen (Duchafour
1970), electrical conductivity (Bower and Wilcox
1965), particle size distribution using Robinson
Pipette method (FAO-ISRIC, 2006), and cation
exchange capacity (Chapman 1965).

The water samples were filtered and stored in
the refrigerator at 4 °C. An Advanced Hg Analy-
ser (AMA-254, LECO company) was used, with
a detection limit of 0.5 ppb on weight basis. This
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equipment use solid samples, thus it is not
necessary any digestion of the samples. Re-
agent blanks and reference materials were used
as the quality control samples during the analy-
sis. Certified reference materials (CRM) were
used to determine the accuracy and precision
of the measurements and to validate the applied
method. They were obtained from the Commu-
nity Bureau of Reference (BCR). These certified
reference materials consist of SRM 2709 (soil,
1.40 + 0.08 mg kg of Hg), CRM 62 (Olea euro-
pea, 0.28 + 0.02 mg kg of Hg), and BCR 281
(Rye grass, 0.020 + 0.002 mg g™).

Bolivia and Spain do not have any legislation
allowing the classification of a polluted soil ac-
cording to its Hg concentration. Therefore, refer-
ence values from Holland (0.3 mg kg™), Belgium
(0.55 mg kg™, France (1 mg kg™), Germany (2
mg kg), United kingdom (1 mg kg) and Swit-
zerland (0.8 mg kg) have been used to evalu-
ate the degree of Hg enrichment of the sediment
and soil samples (NMHPPE 1994; BWRHABTGG
1995; Barth and L'Hermite 1987; BAFUB 1987).
It should be kept in mind that these guidelines
pertain to soil samples and not sediments.
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3. Results and Discussion

The Sunchulli-Viscachani area

The Hg contents of the topsoil from the four pro-
files in this area were 0.38, 2.58, 9.94, and 2.96
mg kg™'. In comparison, the concentrations in
the subsoil were 0.09, 0.34, 1.27 and 0.23 mg
kg' (Table 1). These results suggest that atmo-
spheric deposition of Hg could have taken place
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in this area for all the studied profiles. However,
some studies have shown that in many tropical
areas Hg is frequently high in soils, possibly as a
result of the atmospheric deposition of Hg over
thousands to perhaps millions of years (Lechler
et al. 2000). Thus, it is possible that the observed
values from Profile | represent the natural accu-
mulation of Hg in the topsail.

Table 1. Properties and Hg contents of soil profiles, surface soils, plant, mine wastes,
water and sediments in the Sunchulli-Viscachani area

E. C. 0.C. C.E.C. T. N. Clay Hg

PH @Sm7) (gkg’) (cmol kg') (gkg’) (@kg")  (mgkg’)
Profiles
Fibric Histosol
Profile | - H1 (0-12 cm) 5.55 0.20 96.6 30.57 7.7 176.8 0.38
Profile | - H2 (12-23 cm) 5.77 0.21 45.4 11.90 3.4 112.0 0.09
R (>23 cm) -- -- -- -- -- -- --
Haplic Cambisol
Profile Il - H (0-9 cm) 6.91 0.25 6.2 5.26 0.8 69.3 2.58
Profile Il = Ah (9-24 cm) 5.41 0.06 27.6 9.80 2.6 146.5 0.05
Profile Il - Bw (24-40 cm) 6.61 0.05 16.8 7.43 1.5 81.5 0.08
Profile Il - C/R (> 40 cm) 5.44 0.19 19.2 5.76 14 89.7 0.34
Haplic Regosol (Eutric)
Profile Il - Ah (0-11 cm) 5.13 0.16 39.2 12.36 3.4 156.0 9.94
Profile lll - AC (11-22 cm) 5.27 0.12 27.0 11.01 2.1 127.3 0.05
Profile lll - C (> 22 cm) 5.88 0.06 5.8 3.63 0.5 79.6 1.27
Haplic Regosol (Eutric)
Profile IV — Ah (0-12 cm) 5.09 0.73 71.0 14.41 5.9 208.5 2.96
Profile IV - C1 (12-32 cm) 4.55 0.51 40.1 15.78 3.6 259.5 1.97
Profile IV — 2C2 (32-54cm) 5.31 0.17 20.8 12.28 1.6 161.9 0.22
Profile IV - 2C3 (> 54 cm) 5.12 0.32 16.3 11.64 1.5 125.1 0.23
Soils
Soil 1 5.54 0.18 102.0 29.95 8.7 169.2 203
Soil 2 5.85 1.29 8.0 1.15 0.7 30.7 12.8
Soil 3 4.52 0.27 50.8 23.66 6.3 127.4 5.13
Plant
Plant - - - -- - - 1.84
Mine waste
M1 6.35 3.26 34.2 1.50 0.3 35.6 NM
M2 2.18 5.72 02.3 0.59 0.4 21.8 3.45
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Sunchulli River

Sediment (1) upstream

e 634 0230 116 418 12 408 414
Sgigfg; &) TS 485 1180  16.6 2.99 09 528 102
\c’j\i’:;i;(rge“ps"eam 696  0.150 - - - - BDL
\é\rl]fresgr‘e(Q) downstream dis- 6.91 0.148 - _ _ _ BDL
Sunchulli Lake

Soil (4) 788 122 7.6 2.96 1.2 61.5 0.78
Soil (5) 663  0.06 6.6 6.68 15  177.6 1.2
Soil (6) 7.51 0.82 7.9 3.59 18  101.0 0.06
Sediment (3) 719 041 106 1.18 05 12.9 12.3
Sediment (4) 6.31 011 183 7.17 27 3394 0.1
Sediment (5) 702 021 119 3.29 1.2 76.8 414
Water (3) 696  0.203 - - - ~ BDL
Water (4) 690  0.187 ~ - - ~ BDL
Water (5) 7.06  0.192 - - - ~ BDL
Viscachani Lake

Sediment (6) 574 056 2183 3474 167  205.1 11.7
Sediment (7) 577 004 895 42.56 90 2772 237
Water (6) 657  0.048 - - - - BDL
Water (7) 665  0.045 - - - - BDL

BDL: below the detection limit (0.5 pg L'); NM: not measured due to saturation of equipment; E.C.: electrical conductivity; O.C.: organic

carbon; T.N.: total nitrogen; C.E.C.: cation exchange capacity.

Oppositely, Profiles Il, lll, and IV showed a much
higher concentration in the topsoil than in the
subsoil, indicating active atmospheric deposi-
tion of Hg; therefore, for these profiles the Hg
was originated from the atmospheric deposition
and not from the bedrock. The Hg can be trans-
ported in small particles in the air and cause
problems in the breathing system (Penaloza and
Reinhardt, 2000). These particles could reach
the agricultural soils and pastures near the mine
areas by atmospheric transport.

According with the used regulations, all the sur-
face horizons have a Hg concentration higher
than the reference values (NMHPPE, 1994;
BWRHABTGG, 1995; Barth and L'Hermite 1987;
BAFUB 1987), except for Profile I. Therefore, all

SJSS. SPANISH JOURNAL OF SOIL SCIENCE

the profiles in the area studied can be consid-
ered as anthropogenic Hg-enriched with the ex-
ception of the Fibric Histosol (Profile I).

As shown in Table 1, the effect of atmospheric Hg
deposition in the Sunchulli-Viscachani area was
visible in the soil surface layers (Soils 1, 2 and 3)
with a highest concentration up to 203 mg kg.
This and other analytical data confirm that this area
likely make one of the most heavily polluted area
with Hg in the world, which poses a very high risk
for human population and terrestrial ecosystems.
In fact, some authors have reported maximum
levels of Hg of 3.4, 1.9, 54, 4.2, 40, and 2.4 mg
kg™ in surface soils of Hg mining or ore deposits
from Great Britain, Canada, Czechoslovakia, U.S.,
and U.S.S.R. (Kabata-Pendias and Pendias 1995).
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The Hg contents were varied in the Sunchulli
Lake sediments. According to the already men-
tioned regulatory schemes, sediments could be
classified as seriously enriched except for Sedi-
ment 4 (Table 1). The Hg found in the lake sedi-
ments come from both places, where the miners
use primitive amalgamation processes, and from
atmospheric deposition due to distance from the
bigger mining operations, as showed the con-
centration of soil samples taken in the surround-
ings of the lake (Soils 4, 5, and 6), which ranged
between 1.2 and 0.06 mg kg™

Based on the analytical data, it is interesting to
observe that the Hg concentrations in water do
not seem to be high enough to be detected by
the analytical method. Taking into account the
detection limit of the method, the values were
lower than the levels allowed (0,5 pg L) by the
European Community (DVGW 1985). Contents
of Hg in the sediments (Sediments 3, 4, and 5)
varied from 12.3 to 0.1 mg kg'. If these values
are compared with those obtained by Alanoca
and Maurice-Bourgoin (2000) for Tuichi River
waters (0.0145 and 0.047 mg kg™) in Bolivia, we
can suggest that the sediments of the Sunchulli
Lake are enriched with great amounts of Hg.

The highest concentration of Hg (23.7 mg kg™
was obtained in the Sediment 7 of the Vis-
cachani Lake area, which is similar to the Madei-
ra River (Brazil) sediments concentration (19.83
mg kg (Pfeiffer et al. 1991). This sample was
collected close to an area where the primitive
amalgamation processes were carried out. Hg
levels in the sediment samples of the lake were
very high (23.7 and 11.7 mg kg') and largely ex-
ceeded the thresholds levels established by the
already mentioned regulations (NMHPPE 1994;
BWRHABTGG 1995; Barth and L'Hermite 1987;
BAFUB 1987) and the values reported in the lit-
erature (Filho and Maddock 1997; Barbo et al.
2004).

Hg contents of the lakes and river waters of the
Sunchulli-Viscachani area were below the de-
tection limit (Table 1). However, Sediments 3 and
5 from the Sunchulli Lake had high Hg contents,
which we consider to be a potential high risk for
the ecosystem. In the Sunchulli River, Sediment
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2 was taken close to a point of discharge; the
Hg concentration in this sediment was 102 mg
kg™ which was the highest of all the sediments
we analyzed.

Hg content of the plant (Aciachne sp.) was 1.84
mg kg'. According to Kabata-Pendias and Pen-
dias (1992), the background levels of Hg in veg-
etables and fruits vary from 2.6 and 86 ug kg.
Therefore the reported value showed a poten-
tial accumulation of Hg in plant tissues for this
species in the studied area. Recent works have
shown that plant foliage can be a significant sink
of atmospheric Hg (Hanson et al. 1995; Ericksen
et al. 2003; Schwesig and Krebs 2003) and that
litterfall can be an important source of Hg to the
terrestrial ecosystem (Frescholtz et al. 2003).
Plants differ in their ability to take up Hg and can
also develop a tolerance to high Hg concentra-
tion in their tissues when grown in soils overlying
Hg deposits (Kabata-Pendias and Pendias 1992).

The Katantika area

The Hg concentration in the Katantica area (Ta-
ble 2) was lower than in the Sunchulli-Viscachani
area. Profile | samples showed values of Hg low-
er than the reference concentration given by the
used international regulation, therefore no Hg
enrichment was observed in this profile. Howev-
er, Sediment 1, located next to the mine (Figure
1), presented a Hg concentration of 2.24 mg kg’
and confirmed that the Katantika Lake exhibited
a Hg enrichment. In the case of the Pelechuco
River, Hg was no detected in the water of the
river. Only in the water sample collected from
the mining operation drainages towards the Pel-
echuco River (Water 7) the presence of Hg was
detected (1.93 pg L) (Table 2), since the sam-
pling site was close to a mining operations area.
Taking into account the levels allowed (0.5 pg
L") by the European Community (DVGW 1985)
this water sample was polluted by Hg. Due to
the cumulative contribution of the spills along
the river, sediments of the lower basin had high-
er concentrations of Hg (Table 2).
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Table 2. Properties and Hg contents of the soil profiles, lake sediments, lake and river waters,
and the mine samples in the Katantica area

- E. C. O.C. C.E.C. T. N. Clay Hg
p

@Sm?) (gkg”) (cmol kg") (gkg') (gkg') (mgkg’)
Profile
Haplic Umbrisol
Profile | - Ah (0-42 cm) 4.75 0.15 75.2 24.68 4.3 109.2 0.08
Profile | - C (> 42 cm) 6.40 0.04 06.6 414 0.5 55.0 0.02
Katantica lake
Sediment (1) 6.48 0.32 16.7 4.56 1.7 68.2 2.24
Sediment (2) 5.18 0.67 87.6 31.35 8.1 138.7 0.20
Water (1) 6.87 0.035 - - - - BDL
Water (2) 6.79 0.047 - - - - BDL
Pelechuco River
SR ) VS 0EE 6.35 007 084 1.99 10 190 0.08
discharge
STl ) S hEET 7.27 0.29 6.2 1.11 03 125 0.04
discharge
sl ) Glorssica 7.03 0.55 6.3 0.96 03 100 8.55
discharge
SEEIITIET (3 Gl T e 7.41 027  33.1 4.84 36 4187 6.85
discharge
Water (3) upstream discharge 6.51 0.068 - -- -- - BDL
Water (4) upstream discharge 6.97 0.051 -- -- -- -- BDL
Water (5) downstream 713 0.037 - _ _ - BDL
discharge
Water (6) downstream 718 0.072 - _ _ - BDL
discharge
Water from mining area towards 6.93 0.069 - _ _ - 1.93*
river (7)
Mine area
Sediment (7) 6.40 0.30 4.7 0.31 0.3 7.0 31.80
Residual (1) 4.90 0.30 6.3 0.81 0.3 0.0 17.23
Water (8) 5.70 0.086 - - - - 0.73*

BDL: below the detection limit (0.5 pg L"); NM: not measured due to saturation of equipment; E.C.: electrical conductivity; O.C.: organic
carbon; T.N.: total nitrogen; C.E.C.: cation exchange capacity. * Concentration in pg L.

The Hg concentration in the residual from the
mining operation was 17.23 mg kg'. The Hg
level in water associated with the mining site
(Water 8) was 0.73 ug L. If this value is com-
pared to the one obtained in the Tapajos River,
Brazil, which was less than 1.7 and 1.9 ng L' for
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the wet and dry seasons, respectively (Roulet et
al. 1998), the aquatic ecosystems of Pelechuco
River can be affected for a potential source of
Hg pollution. In addition, according with the Eu-
ropean regulation (DVGW 1985), this water sam-
ple is polluted by Hg.
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The Sural area

When comparing the data of the soil profiles
from the Sunchulli-Viscachani area with the Hg
concentration in the soil profiles from the Sural
area, atmospheric deposition of Hg does not oc-
cur in the areas close to Profiles | and Il (Table 3).
This is likely due to the fact that the extraction
of gold in this area is less developed than in the
other studied areas, and thus the deposition of
Hg occurs near the emission source. Therefore,
we can suggest that only the nearby terrestrial
ecosystems and the workers could be at risk,
since the amalgamation is a local process.

The Hg concentrations of the surface soils from
the Sural Lake were similar to the surface soils
of the Sunchulli Lake area. Hg concentrations in
sediments and surface soils did not reach high
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values (< 0.6 mg kg, Table 3). Hg contents in
the water of the lake were also similar to the va-
lues found in the Sunchulli Lake, which was <
0.5 ug L.

Content of Hg in the plant tissues was 0.16 mg
kg" which was lower than the value reported
for the plant sample in the Sunchulli-Viscachani
area. This is likely due to the plant growth on
soils with low concentrations of Hg and a low
impact of atmospheric deposition. In general,
Hg content of plants is high when Hg content of
soil is also high, but this relation does not always
stands (Siegel et al. 1987).

Hg water concentration in the Sural River was
below the detection limit. Therefore, this water
does not currently pose any risk for aquatic
ecosystems and human health (Table 3).

Table 3. Properties and Hg content of the two surface soil, sediment, water,
and plant samples in the Sural area

oH E.C. 0O.C. C.E.C. T. N. Clay Hg
@Sm7)  (gkg’)  (cmol kg?) (kg  (@kg')  (mgkg?)

Profile
Lithic Leptosol
Profile | - Ah (0-9 cm) 5.09 0.37 43.7 15.21 4.6 95.7 0.06
Profile | - R (>9 cm) -- -- - -- - -- --
Fibric Histosol
Profile Il - H (0-27 cm) 4.04 0.11 59.8 61.01 17.0 150.8 0.07
Profile Il - R (>27 cm) -- -- - -- -- -- --
Sural lake
Soil (1) 7.32 0.43 8.4 4.96 1.2 71.6 0.62
Soil (2) 7.38 0.13 7.9 3.97 1.5 204.9 0.02
Sediment (1) 6.94 0.17 11.8 5.56 1.0 1271 0.07
Sediment (2) 6.18 0.14 62.9 11.42 4.4 504.9 0.23
Water (1) 6.81 0.034 - - - - BDL
Water (2) 6.83 0.055 -- - -- - BDL
Sural River
Water (3) 6.85 0.061 -- - - - BDL
Plant - -- - -- - - 0.16

BDL: below the detection limit (0.5 ug L'); NM: not measured due to saturation of equipment; E.C.: electrical conductivity; O.C.: organic
carbon; T.N.: total nitrogen; C.E.C.: cation exchange capacity.
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4. Conclusions

Analytical data have confirmed a high level of
Hg pollution in two of the three areas studied.
Among the three sites, the Sunchulli-Viscachani
area must have received a very high amount of
atmospheric deposition of Hg as well. This may
be due to the open topographic position in com-
parison to the other two areas. Therefore, the
risk for the ecosystems and inhabitants of the
region is very high.

Hg contents of the majority of water samples
from lakes and rivers of the three areas were be-
low the detection limit. However, Hg concentra-
tions found in some sediments were high, indi-
cating that an enrichment of Hg in the sediments
has occurred. The highest concentration of Hg
was found in the river sediment of the Sunchulli-
Viscachani area. This points out the degree of
contamination in the mining area. In our view,
this area is likely one of the heavily Hg-contami-
nated sites in the world. Accumulation of Hg was
also found in plants tissues. Therefore, there is
an urgent need to study Hg transformation of
inorganic Hg to organic Hg species (MeHg), i.e
bioaccessibility and speciation in soils and sedi-
ments in the Apolobamba area.
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