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Speciation of Hg and conversion to methyl-Hg were
evaluated in mine wastes, sediments, and water collected
from the Almadén District, Spain, the world’s largest Hg
producing region. Our data for methyl-Hg, a neurotoxin
hazardous to humans, are the first reported for sediment
and water from the Almadén area. Concentrations of Hg and
methyl-Hg in mine waste, sediment, and water from
Almadén are among the highest found at Hg mines worldwide.
Mine wastes from Almadén contain highly elevated Hg
concentrations, ranging from 160 to 34 000 µg/g, and methyl-
Hg varies from <0.20 to 3100 ng/g. Isotopic tracer
methods indicate that mine wastes at one site (Almadenejos)
exhibit unusually high rates of Hg-methylation, which
correspond with mine wastes containing the highest methyl-
Hg concentrations. Streamwater collected near the
Almadén mine is also contaminated, containing Hg as
high as 13 000 ng/L and methyl-Hg as high as 30 ng/L;
corresponding stream sediments contain Hg concentrations
as high as 2300 µg/g and methyl-Hg concentrations as
high as 82 ng/g. Several streamwaters contain Hg
concentrations in excess of the 1000 ng/L World Health
Organization (WHO) drinking water standard. Methyl-
Hg formation and degradation was rapid in mines wastes
and stream sediments demonstrating the dynamic nature
of Hg cycling. These data indicate substantial downstream
transport of Hg from the Almadén mine and significant
conversion to methyl-Hg in the surface environment.

Introduction
Mining of Hg worldwide has steadily declined because of
low prices and low demand and as a result of environmental
concerns over the highly toxic nature of Hg. Almadén, Spain,

is the world’s largest Hg mining district and has produced
over 285 000 t of Hg (about 8 300 000 flasks) during more
than 2000 yr of mining. Production from Almadén represents
more than 30% of the total known Hg produced throughout
the world (1, 2). Mining activity at the Almadén mine ceased
in May 2002, but significant quantities of ore were stockpiled
prior to that time. Retorting of ore was discontinued at
Almadén in February 2004 following a breakdown of the
retorts. It is presently unclear if mining or retorting of ore
at Almadén will resume, but any future mining or retorting
will depend on the price and demand of Hg.

Similar to most Hg mines, Hg ore at Almadén is domi-
nantly cinnabar (HgS), but elemental Hg (Hg0) is also present
and in some deposits it is locally abundant (Figure 1). As a
result of the Hg ore retorting process, most Hg compounds
are converted to Hg0. A significant part of this Hg0 is lost to
the surrounding environment or remains in mine wastes
that are commonly discarded on site. As much as 25% of the
total Hg recovered from some Hg mines may be lost,
contaminating surrounding environments (3). Even after
many years of inactivity, areas of Hg mining contain highly
elevated Hg concentrations primarily as a result of inefficient
mining procedures and incomplete extraction of Hg, and Hg
contamination can be significant over 100 km from the source
(3-7). In addition, highly reactive, water-soluble ionic Hg
salts such calomel (Hg2Cl2) and mercury oxychlorides (i.e.,
Hg2ClO or Hg4Cl2O), which are probably formed during Hg
extraction, have been observed in Hg mine wastes (8). Due
to the large size of the Almadén District, Hg emissions and
downstream dispersion has potentially contaminated a
significant part of the surrounding environment. Numerous
Hg mine sites worldwide have been studied for effects to
surrounding environments (e.g., refs 3-5, 7, and 8), but
relatively little environmental research has been carried out
at Almadén (6, 9, 10).

There is continuing concern, and abundant ongoing
research, related to natural and anthropogenic Hg contami-
nation of atmospheric, terrestrial, aquatic, and biological
ecosystems. The U.S. Environmental Protection Agency (U.S.
EPA) has indicated that, of all pollutants included in the Clean
Air Act, Hg has the greatest potential to impact human health
(11). The greatest potential threat of Hg to human health is
conversion of inorganic Hg (such as Hg0 and Hg2+ in
contaminated mine sites) to highly toxic organic Hg com-
pounds such as methyl-Hg (CH3Hg+). Mercury methylation
is primarily the result of microbial activity that is more
common in anaerobic, organic-rich environments (11).
Methyl-Hg is water soluble, is toxic to all organisms, and is
a neurotoxin that damages the central nervous system in
humans (12, 13).

Sites of past and active Hg mining worldwide are of
environmental concern because of toxic Hg compounds in
discarded mine wastes at these sites. The most significant
environmental concerns of Hg mines include downstream
transport of Hg in sediment and water as well as chemical
and microbial transformations of inorganic Hg to highly toxic
bioavailable compounds such as methyl-Hg, which are readily
transferred from the sediment column, to water, and then
to biota. The exceptionally long history of mining and
abundant Hg production has produced significant deposits
of mine-waste calcine (retorted ore) in the Almadén area
that potentially leach Hg into the surrounding environment.
Previous studies at Almadén have not measured Hg species
such as methyl-Hg in mine-waste calcines, sediment, or water
in the mine area, and thus, ecosystem effects related to the
mine are not well constrained. The purpose of this study was
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