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Potosí (South West Bolivia) is a well known historical mining site in the world, with mining activity centered
at the so-called Cerro Rico. It is an impressive mount formed by rhyolitic rocks affected by intensive
hydrothermal alteration, and hosting a complex vein deposit including mainly Ag and Sn minerals. From the
start of the mining activity, in the late 16th century, to 1850, the main ore was silver minerals, and from 1850
the silver ores exhausted, and mining activity centered on tin minerals. During the first stage, the silver
minerals were treated by amalgamation, using the so-called “método de patio”, which implied the usage of
mercury and other compounds as metallurgical agents, and supposed the release of important quantities of
mercury to the local environment. This work was carried out at the “ingenios”, milling andmercury processing
facilities located next to streams, in order to have the water and mechanical energy needed for the process,
and nowadays in ruins. Our results put forward very lowmercury vapor concentrations in the region, reaching
only occasionally values over 4 ng m−3, as well as in the town area, were maximum values reach 31 ng m−3

with an average of 5.5 ng m−3; detailed surveys at the “Ingenios” demonstrated that in these facilities
mercury vapor concentrations were also low, but the excavation of the topsoil causes an important release of
the elemental vapor, reaching concentrations over 3000 ng m−3. Causes of this low emission of unmodified
soil are here interpreted as caused by biological and physicochemical transformation of the metallic mercury
accumulated in the soil, to mineral phases such as cinnabar/metacinnabar and/or schuetteite, in reactions
mediated by the formation of methylmercury.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Potosí, located in SouthWest Bolivia, is a world-class Ag–Sn deposit,
having yielded more than 56,000 tons of silver and 100,000 tons of tin
(Rice et al., 2005). The deposit is hosted at an impressive volcano-like
structure, the so-called Cerro Rico (richmount, after the Spanish name),
constituted by a rhyolitic dome of Miocene age (13.77±0.03 Ma,
40Ar–39Ar age), Rice et al. (2005), in the Cordillera Oriental area (Fig. 1).
The origin of the deposit is hydrothermal, and it consists in a complex
vein system, including two main groups: one comprising the silver rich
mineralogy, including the ore minerals: stannite (Cu2FeSnS4) chalco-
pyrite (CuFeS2), tetrahedrite ((Cu,Fe)12Sb4S13), sphalerite ((Zn,Fe)S),
andorite (PbAgSb3S6), matildite (AgBiS2), ruby silvers (chiefly pyrar-
gyrite, Ag3SbS3), jamesonite (Pb4FeSb6S14), and boulangerite
(Pb5Sb4S11); and a deeper vein system including pyrite (FeS2),
cassiterite (SnO2), and arsenopyrite (FeAsS) with some wolframite
((Fe,Mn)WO4) and bismuthinite (Bi2S3) (Sillitoe et al., 1975). More
detailed descriptions of the deposit geology can be found in Francis et al.

(1981), Cunningham et al. (1991), Steele et al. (2003) and Rice et al.
(2005), among others.

There is evidence for pre-colonial mining activity in the area
(Abbott and Wolfe, 2003; Cooke et al., 2010), but the most intensive
mining activities of the deposit started in 1574, during the Spanish
Colonial period, and exploitation was centered in the rich silver veins.
In 1850, and coinciding with the independence of Bolivia, silver
production declined sharply, and was replaced by tin production due
of the exhaustion of the higher Ag-rich vein system. During this
“Silver period”, between 1574 and 1850, silver metallurgy was based
in the so called “método de patio”, a procedure implemented by
Bartolomé de Medina (1497–1585; an early Spanish metallurgist) in
San Luis Potosí (México) in 1550 based on amalgamation with
metallic mercury. A large number of processing installations were set
up at Potosí, all along the so-called “Ribera de la Vera Cruz”, and also
“Ribera de los Ingenios”, a channel crossing the town in order to have
the water and mechanical energy needed for the process. Cooke et al.
(2010) reported silver production, probably still based on amalgam-
ation until 1930, but at a minor scale than that of the Colonial period.
Up to thirty two “Ingenios” (Strosnider et al., 2008) were in activity
during the main “Silver Period” of Potosí. All of them are presently in
ruins.
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From an environmental point of view, the area has been subject of
a number of studies, including those of Cooke et al. (2010), analyzing
mercury contents in historic series of sediments in a lake near Potosí,
which allowed detection of mercury pollution as old as the twelfth
century; Archer et al. (2005) study arsenic pollution in the Pilcomayo
River basin, draining the Potosí and Cerro Rico areas; Miller et al.
(2004) study multi-heavy metals pollution of the Pilcomayo River
basin, draining the Potosí and Cerro Rico areas, including mercury
analyses of irrigation waters, soils from agricultural fields adjacent to
the river and tributaries, and local vegetable samples, finding high to
very high concentrations of Pb, Zn, Cu, Sb, Cd and Ag, but with
mercury values always very low. Finally, Hagan et al. (2011) have
made an estimation of historical mercury concentrations in the
atmosphere of Potosí, on the basic of historic production data, and
analyzed mercury concentrations in the local soils, finding values
between 0.105 and 155 mg kg−1; an important conclusion expressed
in the Hagan et al. (2011) paper is the need for studies correlating the
present day soil Hg concentrations with atmospheric Hg concentra-
tions, which is precisely the main goal of our study.

2. Climatic and physiographic setting

The Potosí area is located in the Eastern Cordillera range of the
Central Andes (South West Bolivia). The town is one of the world's
highest cities by elevation, with an average height of 4067 m above
sea level, while the Cerro Rico peak reaches an altitude of 4824 m.
Local climatic conditions are typical of a semiarid mountainous area

(Chumacero,2007, with a yearly average temperature of 9.3 °C, a
maximum around 14 °C in summer (December–January) and a
minimum around 4.5 °C in winter (July). Average annual rainfall in
the studied area is 336 mm, whereas evapotranspiration calculated by
means of the Turc expression, is 302 mm year−1; thus, effective
rainfall is only 34 mm year−1, which is mainly recorded in February
and March. Dominant winds, especially during winter, blow from SW
and are usually cold winds from the huge Uyuni Salar. On the other
hand, during spring and summer more template winds blow from the
East. Population is in the order of 133,000 inhabitants, being among
the most important Bolivian cities. The town is crossed from East to
West by the “Estero de los Ingenios”, a river canalized in the urban area,
and used traditionally to provide mechanical power and water supply
to the “Ingenios”.

3. Materials and methods

The work consisted in a car-driven mercury vapor survey
including regional, local and site scale minor surveys. All of them
were performed by using a LUMEX RA-915+ analytical device, that
consist in an Atomic Absorption Spectrometer using Zeeman effect to
perform background correction, and with high frequency modulation
of light polarization (ZAAS-HFM) (Sholupov and Ganeyev, 1995). The
device has a measuring range between 2 and 20,000 ng Hg m−3, and
it is able to analyze and register total gaseous mercury concentration
every second, data which is stored in a connected laptop computer or
in an internal datalogger.

Fig. 1. Geographic location of the Potosí area, and of the soil sampling sites. Sampling sites (Ingenios): A: Agua de Castilla; B: Laguacayo; C: Cantumarca. Historic sites: 1: Universidad
Tomás Frías; 2: Casa de la Moneda; 3: Nuestra Señora de la Merced Church; 4: Cathedral; 5: San Francisco Church.
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In parallel to mercury determinations, a registry of geographic
locations was performed by means of a GPS, registering also the
position every second, so that a detailed georeferenciation of every
analytical data was carried out merging the analytical and GPS files.

Regional and local surveys were performed from a moving car, at
speeds always below 50 km h−1, and site surveys were performed by
feet. Regional survey included a 200 km long track following the
Oruro-Potosí road; two local surveys were carried out, in the Potosí
town and the Cerro Rico mount. Site surveys included the “Agua de
Castilla” Ingenio, located some 900 m far from the town limits
approximately following the SE direction, the “Laguacayo” Ingenio,
located into the town, and the “Cantumarca” Ingenio (also called
“Ingenio del Rey”, King's Ingenio), located some 1500 m NW of the
town limits. All of them are located in the proximity of the “Ribera de
los Ingenios” before mentioned, “Agua de Castilla” upstream from the
town, and “Cantumarca” downstream.

Statistical treatment of the data included the calculation of
averages (common and geometric) and standard deviation, and the
plotting of the logarithmic frequency histograms of mercury data. For
data below detection limit (at 2 ng Hg m−3) we followed two
procedures. Those at 1 ng Hg m−3 were regarded as statistically valid
for calculations (e.g. Singh and Nocerino, 2002), and those below that
figure were discarded but indicated as % in Table 1.

Soils sampleswere taken using hoe and spade from the three study
sites, each one composed of three subsamples taken at different
depths: 0–5, 5–20 and 20–25 cm. Samples (~0.5 kg) were kept in
plastic bags until preparation. Samples were dried at room temper-
ature, sieved to b2 mm, and grinded in an agate mortar to less than
50 μm. Aliquots of the samples were obtained for Hg analysis, and also
for determinations of organic matter and soil texture. The chemical
analysis was carried out by Atomic Absorption Spectrometry (AAS)
with thermal decomposition, using AMA254 equipment (Leco In-
struments). In this technique, soil samples are dried before thermally
decomposed on a catalytic tube. The decomposition products are then
carried to an amalgamator for a selective trap of mercury at 120 °C to
prevent water condensation. After that, mercury present in the
amalgamator is released by a short heating-up, and transferred by
carrier gas (oxygen) through the longer measuring cuvette. Mercury
is quantified on a dynamic range of 0.05–600 ng Hg, with a detection
limit of 2 ng g−1. Quality control was assessed by analysis of
duplicates and reference material: (SRM) NIST 2710 and (SRM)
NIST 2711. Equivalent surveys and procedures have been used in
Almadén (Spain) by Higueras et al. (2006) and Martínez-Coronado et
al. (2010); as well as in Chile, IV Region by Higueras et al. (2005).

4. Results and discussion

4.1. Regional scale survey

The regional scale survey served as baseline for the general survey,
andwas performed along 200 km of the road fromOruro to Potosí, in a
track from the locality of Ventilla (19K 793863, 7888290) to the urban

center of Potosí (20K 211023, 7832276), with an average altitude of
3870 m, including a maximum of 4285 m and minimum of 3384 m.
The results (Figs. 2A and 3A and Table 1) show very low Hg
concentrations, with an average below detection limit (2 ng Hgm−3),
very low standard deviation, and just some scattered values above
4 ngm−3 (Fig. 3A). The latter correspond to the crossing of the “Ribera
de los Ingenios” by the Oruro-Potosí road and to the arrival to the town
of Potosí.

4.2. Local scale surveys

The local scale surveys were carried out at the Potosí urban area
and Cerro Rico. The Potosí urban area corresponds to a rather
extensive sector (11 km2) located in a soft slope (0–5° in average)
with maximum and minimum altitudes of 3384 and 4285 m,
respectively. As shown in Fig. 1, the town is crossed from SE to NW
by the “Ribera de los Ingenios”water channel, where all the 32 facilities
were located (the ruins can still be visited). The city track crossed the
Ribera three times, at different sectors of the town, always close to the
“Ingenios”. The results, shown in Table 1 and plotted in Figs. 2B and 3B,
show higher Hg concentrations than those measured in the regional
survey, with geometric mean above 5.5 ng Hg m−3, and a maximum
concentration of 30.9 ng Hgm−3. The histogram (Fig. 3B) represents a
single mode population, which cannot be properly defined as log-
normal, although it is close to it, and do not display any indication of
differentiated anomalous population(s). Plot of mercury concentra-
tion vs. time (Fig. 2B) shows this variability, but also a minor
relationship with the proximity or crossing the above mentioned
“Ribera de los Ingenios”.

The Cerro Rico survey covers a track carried out on this mountain,
at 3907–4500 m of altitude. Mercury mean concentration during this
survey was 3.08 ng Hg m−3 (2.45 ng Hg m−3 as geometric mean),
with a standard deviation of 2.68, and with a maximum peak of
24.4 ng Hg m−3. These concentrations are not far from the regional
averages, confirming that mercury is not being used nowadays in
mineral processing. The mercury profile is rather flat (Fig. 2C), and a
decrease in background mercury levels is noted when leaving the
town of Potosí. The peaks reaching 25 ng Hg m−3 are coincident with
active mine galleries, indicating either the possible usage of limited
amounts of the metal by present day miners or the presence of an
unreported Hg mineral phase. The histogram (Fig. 3C) suggests the
presence of two well differentiated populations: one background
population and an anomalous one including the Potosí town values
and the peaks registered in the Cerro Rico area.

4.3. Site scale surveys

We include here three surveys carried out by feet in the above
mentioned Ingenios of “Agua de Castilla”, “Laguacayo” and “Cantu-
marca”. The main difference with previous ones is the more detailed
inspection of the points where the presence of mercury in the soil can
be more evident. The proper visit to the sites also allows soil
excavation and in-situmeasurements. Statistical data from these sites
are to be taken by caution because the sampled air is not as
homogenous as that taken from a car in motion. The data are also
shown in Table 1 and Figs. 2D to F and 3D to F, in order to analyze
them in descriptive terms.

The “Agua de Castilla” Ingenio is located in the outskirts of Potosí,
some 900 m to the SE (Fig. 1), at an altitude of 3671–3736 m. This area
was thefirst studied in detail, and itwas surprising to record extremely
low mercury contents. However, everything changed when the soil
was excavated in a point where ancient pottery fragments were found.
The excavation of the topsoil resulted in a remarkable increase of
mercury concentrations in the air (see point SR1 in Fig. 2D). Close to
this point, therewere discovered someother pointswhere the removal
of the topsoil also resulted in important increases of mercury in air

Table 1
Summary of mercury concentrations during the six surveys carried out in the Potosí
area. N: Number of determinations. StDev: Standard Deviation. G.Aver.: Geometric
average. Max: Maximum value during survey. b1 indicates the percentage of values
below this measured concentration, considered as below the instrumental detection
limit. All values (except N and b1) in ng m−3.

Survey N Average StDev G. Aver. Max. b1 (%)

Regional 7512 1.83 0.95 1.71 25.8 32.85
Potosí 11,740 7.53 6.01 5.53 30.9 21.13
Cerro Rico 7228 3.08 2.68 2.45 24.3 27.79
Agua de Castilla 8237 36.72 126.49 8.97 3379.0 18.42
Laguacayo 2576 166.12 1075.53 10.19 16108.0 0.99
Cantumarca 4018 59.71 227.24 14.16 2527.9 17.34
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contents. This is shown in the mercury profile (points SR2 and SR3 in
Fig. 2D). General results (Table 1) show values that, as indicated in the
methodological section, cannot be compared to those from the car
surveys. First, a longer time was spent at these particular sites and
second but not least, it is the excavated soil that generates the highest
concentrations of mercury. Whatever the case, we measured Hg
concentrations above 3000 ng Hg m−3, which is three times the
maximum concentration level recommended by World Health
Organization (WHO, 2000) for chronic exposure to Hg vapors. On the
other hand, this value is of low significance in terms of local risk
assessment concerning the inhalation route of exposure, since it
corresponds to punctual concentration, measured at approximately 10
to 50 cmhighwith respect to the soil surface and immediately after the
excavation. The histogram (Fig. 3D) is of complex analysis, and could
be an indication of the sum of a number of different populations,
separated by thresholds of also different entity.

The “Laguacayo” Ingenio is located inside the town, at an altitude
3879–4042 m, close to the “Ribera de los Ingenios”, and at present
serves as a car-mechanics workshop. The facility is inside a closed
precinct, with 2 m high walls enclosing the whole area. Following the
criteria put forward in the “Agua de Castilla” Ingenio, we measured the
Hg concentrations near the undisturbed soil and after removal of the
topsoil layer, which resulted in extremely high gaseous mercury
concentrations (Table 1), as shown also in the mercury profile
(Fig. 2E). Analysis of the histogram (Fig. 3E) puts forward what could
be a local background population and an anomalous one, with a
threshold separating both populations at 60 ng Hg m−3.

“Cantumarca” Ingenio is located some 1150 m to the west from
Potosí, also in the “Ribera de los Ingenios”, but downstream from the
town, and it was built on top of the alluvial sediments of the Ribera.
Thus, the site corresponds to a plain area, with average altitude of
3692 m. Mean results are in the same order of magnitude as in “Agua
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de Castilla” Ingenio. Following similar procedures we measured the Hg
concentrations near the undisturbed and excavated soil. The histo-
gram (Fig. 3F) suggests the presence two populations, one with
background concentrations, and aminor anomalous one, separated by
a threshold located between 100 and 200 ng Hg m− 3, and
corresponding to the peaks obtained above the excavated soil.

4.4. Mercury contents in soils

Table 2 shows the total mercury contentmeasured in the three soil
samples (9 subsamples). Contents from “Laguacayo” are the highest,
although all values can be considered low as compared to contents
from heavily Hg contaminated areas, such as the Almadén (Spain)
mercury mining district, but high as compared to baseline levels
(Table 3). The distribution of Hg in the soil profile appears to be
regular, with local variation, low significance, and maxima concen-
trations at the 5–20 cm depth level in those areas deeply influenced
by man activities. The latter can thus be more properly regarded as
Anthrosols than undisturbed soils where Hg concentrations are low.

Although the mineral speciation was beyond the scope of this
work, the results from a preliminary speciation study carried out by
Hagan et al. (2011) by means of sequential selective extractions on
one soil sample from one of the local mills indicated the following
results: 1) approximately 80% of the mercury was extracted in the
final step (aqua regia extraction), and 2) the smaller amount extracted
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Table 2
Mercury and organic matter (OM) concentrations in soil samples.

Sample Depth (cm) Hg (mg kg−1) OM (g kg−1)

AC-1 (Agua de Castilla) 0–5 31.2 52
5–20 29.5 26
20–30 27.5 24

MW-1 (Laguacayo) 0–5 54.0 24
5–20 101.2 14
20–30 32.0 8

C-1 (Cantumarca) 0–5 13.6 23
5–20 18.4 22
20–30 21.1 17
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in the fourth step (nitric acid) suggests that most mercury in the soil
was in the form of cinnabar and/or metacinnabar. The key question
here is where this cinnabar and/or metacinnabar came from. It is
unlikely that the Spaniards have brought with them as raw minerals
from Almadén (Spain), as no records were found in the so-called
Archivo de Indias, at Seville (Cortés Alonso, 1988). In-situ formation of
either cinnabar ormetacinnabar via reactions of the type S+Hg→HgS
is thermodynamically favored, however, sufficient heat has to be
provided to reach the activation energy required by the reaction
(López et al., 2010), which make the Ingenios old metallurgical
facilities an unlikely scenario. Alternatively, a far more probable and
simpler scenario would be provided by the extraction, at some point
in the mining history of Cerro Rico, of small amounts of cinnabar that
passed mostly unnoticed by a group of colonial workers more
interested in silver than in the subtleties of Hg mineralogy. This call
for future and enlightened Hgmineral speciation studies at Cerro Rico,
because if cinnabar was indeed extracted from the mountain, then its
existence couldmuch better explain, or at least, shed somemore light,
on the present distribution of Hg in soils and atmosphere.

4.5. Causes of the low emission values

Mercury emission from the Potosí local soils are much lower than
expected for an area with so intensive mercury pollution. Values
above the reference concentration (300 ng Hg m−3) of the US Agency
for Environmental Protection (U.S. EPA, 2009) would not be detected
in the area, if topsoil was not previously removed. It may be easy to
think that after 250 years of cessation of the intensive mercury usage,
the topsoil should become depleted in mercury via emission of
mercury vapors to the atmosphere. However, as shown by the facts,
considerable emissions from the excavated soil still persist. An
explanation for this anomalous behavior could be provided by the
chemical transformations of the mercury contained in the topsoil into
species immobilizing the element. Concerning these possible trans-
formations, the best documented one is the formation of methylmer-
cury ([CH3Hg]+) by means of physic-chemical and microbial
reactions (Gray et al., 2004; Jacobs and Keeney, 1974; King et al.,
2002; Siciliano and Lean, 2002); however, the low organic contents of
these soils (Table 2) should be a limitation for this reaction, and in any
case it will probably not limit the soil capacity for mercury vapor
emission to the extend recognized in our study. Besides, formation of
this Hg highly mobile compound should have resulted in the eventual
infiltration of the element into deeper levels in the soil, even in an area
with so low effective rain. Furthermore, Higueras et al. (2003), Kim et
al. (2004), Bernaus et al. (2006) and Esbrí et al. (2010) describe the
presence of schuetteite (Hg3O2(SO4)) in the supergene environment,
which forms from mercury vapor condensed on the sun-exposed
surface of broken rocks in waste dumps. Baldi (1997) explained the
formation of metacinnabar (HgS) from methylmercury by means of
microbial activity, and Barnett et al. (1997) describe the formation of
metacinnabar in mercury contaminated soils in the presence of other
metal sulfides or sulfhydryl groups in the soil. Both possibilities are
realistic, since the first (schuetteite formation in mining waste) is
supported by observations frommany other old mining areas, and the
latter (cinnabar/metacinnabar formation in the soil) is locally
supported by Hagan et al. (2011) data onmercury sequential selective
extractions. Both processes imply the formation of minerals with no

sublimation capacity, so preventing the mercury emissions from the
topsoil. Mercury contents in soil profiles (Table 2) support the overall
process: mercury in these areas should have arrived to the soils from
atmosphere, in the form of gas produced during the retorting
processes, and possibly also in liquid form, because of accidental
leakages. Later microbial activity in the soil could have induced
formation of mobile forms, possibly including methylmercury, and
favoring the infiltration of the element into deeper horizons. Sunlight
and also bacterial activity may have favored the formation of
schuetteite and cinnabar/metacinnabar, respectively, in the topsoil.

5. Conclusions

Our study has shown very lowmercury vapor emissions from soils
contaminated with metallic mercury in an area characterized by the
long-lasting use of mercury, but also for the cessation of its use
250 year ago. This anomaly could be explained in terms of the
formation at the topsoil of new compounds andmineral phases. These
would comprise methylmercury as an intermediate and infiltration-
favoring phase, and schuetteite and/or metacinnabar, concentrating
in the topsoil and with no mercury sublimation capacity, so limiting
the possibilities of vapor emissions. Further detailed studies on the
mineralogy and chemical speciation of the topsoil compared to deeper
soil levels are needed in order to confirm this idea. Nevertheless, the
atmospheric mercury concentrations found during this work shows
that atmospheric mercury pollution is far from being a real local
problem in this area, unless topsoil is removed at decommissioned
mills areas.
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